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Abstract 
Multifunctional nanocomposites are promising for a variety of applications ranging from 
microwave devices to biomedicine. High demand exists for magnetically tunable nanocomposite 
materials. My thesis focuses on synthesis and characterization of novel nanomaterials such as 
polymer nanocomposites (PNCs) and multi-walled carbon nanotubes (MWCNTs) with magnetic 
nanoparticle (NP) fillers. 
Magnetite (Fe3O4) and cobalt ferrite (CoFe2O4) NPs with controlled shape, size, and 
crystallinity were successfully synthesized and used as PNC fillers in a commercial polymer 
provided by the Rogers Corporation and poly(vinylidene fluoride). Magnetic and microwave 
experiments were conducted under frequencies of 1-6 GHz in the presence of transverse external 
magnetic fields of up to 4.5 kOe. Experiments confirm strong magnetic field dependence across 
all samples. When incorporated in to a cavity resonator device, tangent losses were reduced, 
quality factor increased by 5.6 times, and tunability of the resonance frequency was 
demonstrated, regardless of NP-loading. 
Work on PNC materials revealed the importance of NP interactions in confined spaces 
and motivated the study of confinement effects of magnetic NPs in more controlled 
environments, such as MWCNTs with varying diameters. MWCNTs were synthesized with 
diameters of 60 nm, 100 nm, 250 nm, and 450 nm to contain magnetic NP fillers (~10 nm) 
consisting of ferrites of the form MFe2O4, where M = Co
2+, Ni2+, or Fe2+. All confined samples 
exhibit superparamagnetic-like behavior with stronger magnetic response with respect to 
increasing MWCNT diameter up to 250 nm due to the enhancement of interparticle interactions.  
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This thesis provides the first systematic study of this class of nanocomposites, which 
paves the way to inclusion of novel nanostructured materials in real-world applications.
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Chapter 1: Introduction and Outline of Thesis 
The work completed in this thesis was motivated by the need to assist in ever changing and ever 
improving technologies.  
1.1 Composite Materials Containing Magnetic Nanoparticles 
1.1.1 Usefulness of Composite Materials 
A composite is defined as the artificial combination of two chemically dissimilar 
materials [1]. In order for something to be called a composite, there must be a distinct interface 
separating the two materials. Generally, composites are fabricated to improve the properties of 
the final product. There are many different types of composites, such as particle-reinforced 
composites and structural composites, but this thesis will focus on only one type: 
nanocomposites. A nanocomposite is a composite where one or both of the constituents are on 
the “nano-” scale (generally 1-100 nm). The nanocomposites that will be discussed in this thesis 
are polymer nanocomposites (PNCs) consisting of magnetic nanoparticle fillers embedded in a 
polymer matrix, and magnetic nanoparticle-filled multi-walled carbon nanotubes (MNP-filled 
MWCNTs). 
1.1.2 Host Materials 
Polymers and MWCNTs act as the host materials in the composites described in this 
thesis. As host materials their roles are vastly different, as was the motivation for using them to 
carry MNP fillers. 
Polymers make excellent hosts for MNPs because they are cost-effective, durable 
materials that can be easily integrated into a wide variety of devices, depending on the needs of 
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the engineer/scientist working with them. The word polymer comes from the Greek words poly, 
meaning many, and meros, meaning parts, hence polymer means many parts, which is exactly 
what constitutes polymers. Polymers consist of a series of monomers (single chain-like 
molecules) that can be connected in different ways. When polymers are cross-linked, they go 
through a chemical or physical process to link polymer chains together. Another term for cross-
linked is cured. Often, a polymer can be made of multiple polymeric materials, in which case it is 
called a copolymer [1]. Two polymers are discussed this thesis. The first is a high-temperature 
thermosetting copolymer from the Rogers Corporation that will be referred to as Rogers Polymer 
or RP. The chemical composition for RP is proprietary; however, we can reveal that one of the 
polymers building up RP is a butadiene-based rubber. The other polymer that will be discussed is 
poly(vilylidene fluoride) or PVDF. PVDF is a pure thermoplastic material with the chemical 
composition of –(C2H2F2)n–. PVDF can be cured in multiple ways that determine what physical 
properties it will exhibit. For example, PVDF will exhibit ferroelectric properties when cured in 
the β-phase [1-3]. For this reason, PVDF is a technologically interesting host polymer. 
In recent years, carbon nanotubes (CNTs) have been studied for use in many potential 
applications including nano-devices, sensors, ultrahigh strength engineered fibers, quantum 
wires, and catalyst supports [4]. In the past few years, our own group has worked to develop a 
new class of CNT-based gas sensors using the giant magnetoimpedance (GMI) effect as a basis 
[5]. In order to add another technologically stimulating facet to CNT interest, research groups 
have recently studied one-dimensional magnetic nanostructures composed of MWCNTs filled 
with MNPs [6-8]. These magnetic nanostructures are promising for a variety of applications 
ranging from electromagnetic interference shielding [9, 10] to water purification [11] and 
biomedical applications [12, 13]. Part of what makes these one-dimensional nanostructures so 
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interesting is that their high-aspect ratio nature has the potential to lead to enhanced magnetic 
properties, such as higher anisotropy, which is directly related to permeability and resonance 
frequency, as well as heating efficiency with hyperthermia. 
1.1.3 Filler Materials 
Although nanoparticles have been around since as early as the 4th century C.E., as 
evidenced by the Lycurgus Cup, it is only within the past 70 years or so that researchers really 
began to understand them [14]. The greatest advantage to incorporating nanoparticles into 
various devices is that it allows the experimenter to use the nanoparticles to tailor the physical 
properties of a material. For example, MNPs have been of great interest for the past several 
decades [15] due to their unique properties that make them attractive for a variety of 
technological applications from improving cancer treatments to antenna miniaturization [16]. 
Superparamagnetic nanoparticles are of particular interest due to their lack of remanence in the 
absence of an external magnetic field and relatively high saturation magnetization [17].  
In the biomedical field, MNPs, specifically iron oxides, are generating great interest due 
to their desirable magnetic properties and appropriate dimensions for interaction with biological 
objects. For example, MNPs are able to interact with cells (10-100 µm), viruses (20-450 nm), 
and proteins (5-50 nm) [18-20]. Recent advancements have been made with targeted drug 
delivery (attaching drugs to nanoparticles for delivery to specific locations in the body), 
magnetic hyperthermia treatment for cancer (using heat to kill cancer cells), magnetic 
labeling/molecular detection (using nanoparticles to detect and label locations and entities in the 
human body), MRI contrast enhancement (using nanoparticles to produce a clearer MRI plot), 
and magnetic relaxometry (using inherent magnetic properties of MNPs to determine the location 
of certain types of cancer cells) [21-23]. All of these applications rely on biocompatible iron 
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oxides. Iron oxide nanoparticles with biocompatible coatings have been FDA approved as MRI 
contrast agents [24], and are being used in clinical trials by MagForce [25] for MNP 
hyperthermia.   
However, MNPs are not only of interest in the biomedical field. Due to the increasing 
demands of technology due to device miniaturization, MNPs have been studied for information 
storage [26] and to assist in the fabrication of lightweight, flexible and volume-efficient electrical 
components [27]. In recent years, major research focus has been placed on polymer composites 
reinforced with MNPs (henceforth referred to as “polymer nanocomposites” or PNCs) to meet 
increasing demands [16]. Noise suppression through electromagnetic interference (EMI) 
shielding (absorbing of the electromagnetic field), is one promising application for PNCs [28]. 
Creating magnetically tunable PNCs in the RF and microwave frequency regions has promising 
applications due to potential for further device miniaturization, signal filtering, and realization of 
low-loss magneto dielectric materials for impedance matching [29-31]. 
1.2 Motivation Behind Thesis Research 
 Fabrication of light weight, flexible and volume-efficient electrical components using 
PNCs is one of the major research focuses in the passive component sector for embedded 
technologies [27]. For instance, high dielectric constant PNCs are being studied to provide 
filtering, bypassing, and shielding for noise suppression in high-speed electronics. Extensive 
development and use of wireless communications have brought into focus the problem of 
electromagnetic interference (EMI) [32]. Shielding or absorbing of the electromagnetic field is 
considered an adequate solution for the EMI problem; however, the existing microwave 
absorbing materials have several drawbacks, such as being heavy, less durable and effective only 
over fixed frequency bands. Apart from shielding, PNCs are also very promising for microwave 
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applications due to their potential for miniaturization, tunability, and the realization of low-loss 
magneto-dielectric materials with similar permittivity and permeability values. Magneto-
dielectrics have been shown to enable considerable improvements in the bandwidth and/or size 
reduction of microwave antennas [28, 29]. 
One promising method to develop such materials is to exploit polymer composites 
reinforced with MNPs [30, 31]. However, dispersion of nanoparticles into a polymer matrix has 
been a challenging task for nanocomposite fabrication. Since the polymer matrix and inorganic 
nanoparticles often possess different polarities, a simple blending of particles and polymer will 
result in aggregation of particles [33]. One of the best ways to disperse nanoparticles uniformly 
in a polymer matrix is the surface functionalization of the particle with carefully selected organic 
surfactants. Different types of organic compounds are being used as surfactants to functionalize 
the nanoparticle surface, such as thiol, amine, carboxylic acids, and so forth [34, 17]. If the 
particles are surface functionalized with organic surfactants, they will become more compatible 
and more homogeneously dispersed throughout the polymer matrix. 
With specific regard to the EMI application, it has been observed that the high 
conductivity and dielectric constant of PNC materials contribute to a high EMI shielding 
efficiency [35]. Recent reports on magnetic nanocomposites show improvements in EM wave 
absorption by using MNPs [36]. Since the metallic magnetic materials are conductive, the 
effective permeability decreases at high frequencies due to eddy current losses induced by 
electromagnetic waves [36]. However, the eddy current loss can be suppressed if the particle size 
is below the skin depth. At the microwave frequencies of interest for the aforementioned 
technologies, the skin depth is around 1 μm [37] and therefore nanoparticles will be fully 
effective throughout their volume in electromagnetic wave absorption. 
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The objective of this work is to create a multifunctional PNC with MNP fillers [33]. As 
part of this goal, the nanoparticles should be uniform in size and exhibit superparamagnetic –like 
properties. In past works on similar projects, agglomeration of nanoparticles has been a problem, 
as illustrated in the classic example shown in Figure 1.1.   
 
Figure 1.1: Classic example of agglomeration of nanoparticles arising from improper use of or 
lack of surfactant. 
Agglomeration arises in PNCs because of polymer-particle interactions being weaker 
than particle-particle interactions [16]. Such interactions include magnetic dipolar coupling, 
hydrophobic-hydrophilic (water-hating, water-loving) forces, and van der Waals (electrostatic) 
forces [38]. It follows logically, that in order to have a functional PNC, free from 
agglomerations, the polymer-particle interactions must dominate. This can be achieved by 
synthesizing nanoparticles with the appropriate surfactants prior to dispersion in the polymer.  
Work done with PNC materials reveals the importance of MNP interactions in confined 
spaces and motivates the study of confinement effects of MNPs in more controlled 
environments, such as MWCNTs with varying diameters. Since this is the first systematic study 
of its kind, it is vital to measure samples with a variety of different physical parameters of the 
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MWCNTs and the MNPs. Although in the reference frame of this thesis, MWCNTs are the host 
material and MNPs are the filler material, MNP-filled MWCNTs have the potential to make 
excellent filler materials in microwave devices, microwave and RF antennas, and novel 
biosensors in future applications. Before that work can be completed, we must first understand 
the fundamentals of how and why MNPs behave differently when confined. 
This thesis demonstrates the creation of a new class of nanocomposites, including PNCs 
with tunable microwave and magnetic properties and MNP-filled MWCNTs. Here we present 
the first systematic study of these types of nanocomposites, which paves the way to inclusion of 
novel nanostructured materials in real-world applications. 
1.3 Research Objectives 
As with any project, there are objectives and desired outcomes. In the case of this thesis, 
there are two main projects with separate research objectives that are linked through the 
fundamental study of magnetic nanoparticles in confined spaces. As alluded to in the previous 
section, this thesis deals with fabrication and characterization of nanocomposites in two forms: 
polymer nanocomposites (PNCs) and magnetic nanoparticle-filled multi-walled carbon 
nanotubes (MNP-filled MWCNTs).  
The objectives of the PNC portion of this thesis are as follows: 
1. Determine the feasibility of fabricating polymer nanocomposite materials with magnetic 
nanoparticles as the filler.  
2. Incorporate the PNC into a device and measure the transmission characteristics. 
3. Test a different filler material to examine how the behavior changes. 
4. Test multiple host polymers to compare fundamental physical properties. 
The research objectives regarding the MNP-filled MWCNTs are as follows: 
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1. Design a reproducible way to fabricate and fill multi-walled carbon nanotubes with 
magnetic nanoparticles. 
2. Study DC and AC magnetic characteristics to conclusively determine if there are changes 
between the plain particles and particles when they are confined within the MWCNTs. 
3. Study different types of nanoparticle fillers and compare them to each other, along with 
the trends in DC and AC magnetic measurements. 
4. Confine the same type of nanoparticles in MWCNTs of different diameters to determine 
if there is any conclusive MWCNT diameter-dependence. 
Meeting these research objectives will open the doors to many new and exciting projects and 
new technologies. 
1.4 Outline of Thesis 
The highlighted points in the aforementioned research objectives will be integrated into 
this thesis in the following manner: 
Chapter 1 gives the overview and research objectives of the Ph.D. work. A background of 
the overall topic is also presented. 
Chapter 2 provides an overview of the fundamentals of magnetic nanostructures. Chapter 
2 motivates the importance of the use of magnetic nanoparticles by briefly discussing their 
synthesis and nanomagnetism. As will be revealed, this arises from a combination of effects from 
crystal structures, spin configurations, size, and surface effects. Because of this, we use several 
magnetic models to assist us in understanding these nanoscopic effects. We further motivate the 
use of nanocomposite materials and provide an overall research motivation for the scope of the 
work found in this thesis. 
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Chapter 3 describes the techniques used for structural, magnetic, and microwave 
characterization of the fabricated nanocomposites. Characterization techniques are integral to 
this work in that they determine the quality of the nanoparticles to be used in PNCs and to be 
filled in MWCNTs and therefore, the composites themselves. Techniques that were used in this 
work include: x-ray diffraction (XRD), transmission electron microscopy (TEM), magnetometry 
via physical property measurement system (PPMS) by Quantum Design, and the microwave and 
RF measurement set-up. Briefly, XRD was used to determine the crystallinity and crystalline 
phase of various nanoparticles used as filler materials. TEM was used to determine the size and 
shape of the filler materials, as well as to determine how well the composites were filled. 
Magnetic measurements were carried out to observe the behavior of the magnetic nanoparticles 
alone and in their composites. Microwave and RF measurements determined what type of effect 
the nanoparticle fillers make on the overall PNC.  
Chapter 4 presents and discusses the advantages and disadvantages of different synthesis 
methods of ferrite nanoparticles, carbon nanotubes, and composite materials, such as PNCs and 
MNP-filled MWCNTs. Synthesis of nanoparticles is of the utmost importance as different 
techniques can yield vastly different physical and chemical characteristics of the particles. 
Synthesis methods will also determine the yield of each batch of particles, which can have a 
direct effect on the quantity of resulting composite materials. Thermal decomposition, chemical 
co-precipitation, and solvothermal synthesis methods will be described for ferrite nanoparticles. 
Carbon nanotube synthesis and filling will include discussions on chemical vapor deposition, 
electro-chemical anodization, and our novel CNT-filling and release process. Finally methods for 
creating, coating, and curing of the PNCs include solvent blending, a sol-gel drying technique, 
drop cast coating, and spin coating. 
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Chapter 5 holds a discussion on the structural, magnetic, and microwave/RF 
characterization of different PNC materials. The materials to be presented are magnetite in RP, 
cobalt ferrite in RP, and magnetite in PVDF. 
Chapter 6 presents results on characterization of nanoparticles and MNP-filled 
MWCNTs. There is a discussion on the comparison of nanotubes with the same diameter being 
filled with different single-phase ferrite nanoparticles (magnetite, cobalt ferrite, and nickel 
ferrite). The next discussion includes results on exotic ferrite nanoparticle fillers, such as multi-
phase core/shell iron/iron oxide nanoparticles and hollow nanoparticles in the same diameter 
CNTs.  
 Chapter 7 explores diameter-dependence of CNTs with the same nanoparticle fillers for 
single-phase and multi-phase nanoparticle fillers. 
Chapter 8 summarizes the most important results and achievements of the present thesis, 
as well as provides an outlook for future research directions in this exciting research field. This 
work will expand on the current work to explore other types of host materials and fillers, which 
may prove useful in making current work more practical in certain biomedical fields. Chapter 8 
explores the possibility of magnetic hyperthermia and biodetection of nanoparticles and MNP-
filled MWCNTs using induction coil sensors to explore magnetic hyperthermia. Finally a brief 
discussion on using MNP-filled MWCNTs as fillers in microwave and RF devices is included. 
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Chapter 2: Overview of Magnetic Nanostructures: Fundamentals 
Note to Reader 
 Portions of this chapter have been previously published in two peer-reviewed journal 
articles (V. Šepelák, I. Bergmann, S. Indris, A. Feldhoff, H. Hahn, K.D. Becker, C.P. Grey, and 
P. Heitjans, J. Mater. Chem. 2011 21, 8332; J.S. Lee, J. M. Cha, H. Y. Yoon, J.K. Lee, and Y.K. 
Kim, Scientific Reports 2015 5, 12135) and have been reproduced with permission from the 
respective publishers. 
This chapter provides an overview of the fundamentals of magnetic nanoparticles and 
nanocomposite materials, including an introduction to these types of materials and an 
explanation of their magnetic interactions. 
2.1 Nanoparticles and Nanocomposites  
It is well-known that the physical properties of most materials are altered by reducing the 
dimensions to the nano-scale. Something may be considered “nano-” if one of its dimensions is 
reduced below 100 nm. A 3-dimensional, or bulk, material is one where all dimensions are larger 
than 100 nm. If one dimension is brought to the nano-scale, the result would be a 2-dimensional 
structure, better referred to as a thin film. A 1-dimensional structure arises when 2 dimensions 
are brought below 100 nm. Nanowires are an example of a 1-dimensional nanostructure. Finally, 
if all dimensions of a material are brought down to the nano-scale, the result is a nanoparticle. 
As defined in the previous chapter, nanocomposites are composite materials where at 
least one of the constituents is on the nano-scale (100 nm or below). The generality of this 
definition allows for a multitude of possibilities with regard to creation of different types of 
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nanocomposites for a variety of applications. Nanocomposites are often desired because of their 
unique properties based on size-dependence. For example, nanocomposites are generally much 
more durable than other types of composite materials, or possibly more flexible [1]. 
2.1.1 Nanoparticle and Nanocomposite Synthesis 
 There exist several different techniques for synthesizing magnetic nanoparticles. Each 
technique has advantages and disadvantages for different applications. Chemical and physical 
properties of ferrite materials are strongly dependent upon the chemical reaction conditions. For 
example, the synthesis technique used directly determines particle size, crystallinity, and shape 
of resulting nanoparticles [2]. These properties, in turn, directly affect magnetization and 
performance in various applications.  
Synthesis of nanocomposites comes in a wide variety of forms because of the generality 
of the term “nanocomposite.” There are two distinctly different types of nanocomposites 
discussed in this thesis: polymer nanocomposites (PNCs) and nanoparticle-filled multi-walled 
carbon nanotubes (MNP-filled MWCNTs). PNCs are synthesized with two ready-made 
materials, magnetic nanoparticles and a host polymer. There are a variety of ways PNCs can be 
fabricated to fit the needs of different applications. On the other hand, there is a specialized 
method to synthesize MNP-filled MWCNTs. 
Synthesis for nanoparticles and nanocomposites is discussed in greater detail in Chapter 4 
of this thesis. 
2.1.2 Crystal Structure and Spin Configurations 
Particularly interesting magnetic properties arise by reduced dimensionality. This thesis 
focuses on ferrite nanoparticles. Ferrites are ceramic materials exhibiting ferrimagnetic 
properties with iron oxides as the main component [3]. Ferrites are often doped with other 
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transition metals to vary the properties of ferrite compounds. Crystalline structures of ferrite 
materials are hexagonal (MFe12O19), garnet (M3Fe5O12) and spinel (MFe2O4). This thesis focuses 
on ferrite materials of a cubic spinel (or inverse cubic spinel) crystalline structure, which follows 
the chemical formula AB2O4, with tetrahedral A-sites and octahedral B-sites [4]. In the case of a 
common inverse spinel material, magnetite (Fe3O4), Fe
3+ occupies the tetrahedral A-site and a 
combination of Fe3+ and Fe2+ atoms occupy the octahedral B-sites; the oxygen atoms sit on a 
face centered cubic lattice [5]. The Fe3+ ions on the A- and B-sites are aligned antiparallel, so 
their contribution to the net magnetization cancels out, leaving only the contribution from the 
Fe2+ ions as shown in Figure 2.1.  
 
Figure 2.1: Schematic illustrating components of the cubic (inverse) spinel crystalline structure 
with the tetragonal A-sites and octahedral B-sites (A); the cubic (inverse) spinel structure (B); 
spin configuration for the tetragonal and octahedral sites (C); Image adapted from [6]. 
This antiparallel alignment leads to ferrimagnetic ordering below the Curie temperature 
of magnetite. The magnetic moments are antiferromagnetically aligned in ferrimagnetic 
materials. However, ferrimagnetic materials exhibit properties similar to ferromagnetic materials 
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in the sense that they both display a finite coercivity and remnant magnetization with a transition 
to the paramagnetic state above an ordering temperature, referred to as the Curie temperature 
[7]. Cobalt ferrite (CoFe2O4) and nickel ferrite (NiFe2O4) are crystalographically similar in 
nature to magnetite, with an A-site substitution of Co and Ni, respectively. The A-site 
substitution leads to different magnetization properties in these materials [8]. For example, 
CoFe2O4 is a well-known hard magnetic material, while an exchange bias effect has been 
observed when NiFe2O4 nanoparticles are made to be below a critical diameter [9]. 
2.1.3 Size Reduction and Surface Effects 
The idea of magnetic domains was first theorized by Frenkel and Doefman in 1930 [10, 
11]. These domains exist to lower the net free energy of the system [12]. When increasing the 
surface area to volume ratio, there becomes a point below which it is no longer energetically 
favorable for multiple domains to form. This point is referred to as the critical size (dC), below 
which a particle becomes single-domain. In single-domain systems, the particles act as one 
magnetic moment that is always considered to be saturated [13]. The critical size for a spherical 
single-domain particle is the following, 
𝑑𝐶  ≈  
9√𝐴𝐾𝑢
𝜇0𝑀𝑆
2                                                                       (2.1) 
where A is the exchange constant, Ku is the uniaxial anisotropy constant, μ0 is the permeability in 
a vacuum, and MS is the saturation magnetization [14]. The critical size for some common 
materials is ~20 nm for iron, ~30 nm for γ-Fe2O3, ~50 nm for Fe3O4, ~50 nm for CoFe2O4 [14-16]. 
Below this dC, the coercivity (HC, magnetic losses) and magnetic remanence (MR, magnetic 
memory) steadily drop off to zero, creating an unstable magnetic moment, as seen in Figure 2.2 
[17].  
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Figure 2.2: Illustration of coercivity as a function of particle diameter. Image adapted from 
[17]. 
At the point where coercivity and remnant magnetization become zero, the particle often 
displays superparamagnetic behavior. Superparamagnetic properties arise from a ferro- or 
ferrimagnetic material when there is sufficient thermal energy in the system to create instability 
in the magnetization. In other words, the thermal energy (kBT) becomes dominant over the 
magnetic energy (KeffV) [14]. In the superparamagnetic state, a group of non-interacting single-
domain particles are considered to be superspins. A system is said to be truly superparamagnetic 
if: (1) it displays a lack of coercivity and remnant magnetization, (2) it fits with appropriate 
values to the Langevin function (details in section 2.1.4), (3) temperature dependence of the 
magnetization is such that curves taken at different temperatures can be superimposed when 
plotted as M vs. H/T [14, 18]. The term “super-paramagnetism” was coined by Bean in 1955 
because in this state the particles behave in a similar way to a paramagnet, but the net magnetic 
moment of each nanoparticle is much bigger [18].  
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 The temperature at which magnetic energy becomes dominant over thermal energy in a 
superparamagnetic material is called the blocking temperature (TB), below which the particle 
enters a blocked state, where it displays high saturation magnetization, hysteresis, and magnetic 
remanence. The TB is valid for a single particle or a system of monodisperse, non-interacting 
particles with the same anisotropy [14]. However, in many systems, there exists some small size 
distribution, so we instead take the average TB of an ensemble of nanoparticles. For this reason, 
the average TB is often taken as the peak of a zero-field-cooled (ZFC) curve on a graph of 
magnetization vs. temperature, M(T). Figure 2.3 shows the following for an ensemble of 
ferrimagnetic nanoparticles: a magnetization vs. temperature curve set (A), magnetization vs. 
magnetic field, M(H) curve while in the blocked state (B), and  M(H) curve while in the 
superparamagnetic state (C) with interesting features highlighted.   
 
Figure 2.3: Magnetization data for an ensemble of ferrimagnetic nanoparticles showing 
magnetization vs. temperature (A), magnetization vs. magnetic field while in the blocked state 
(B), magnetization vs. magnetic field while in the superparamagnetic state; Interesting features 
are highlighted on each graph. 
The TB is defined as 
𝑇𝐵 =
𝐾𝑉
𝑘𝐵 ln(
𝜏𝑚
𝜏0
)
≈
𝐾𝑉
25𝑘𝐵
                                                         (2.2) 
19 
 
where K is the anisotropy constant, V is the magnetic volume (volume of one nanoparticle), kB is 
the Boltzmann constant, τm is the experimental measuring time, and τ0 is the relaxation time [19]. 
An M(T) plot can divulge much information about a nanoparticle ensemble. When cooling, the 
irreversibility temperature (Tirr), the temperature where the ZFC and FC (field-cooled) curves 
separate, is the point at which the largest particles begin to enter the blocked state upon cooling. 
Hence, above Tirr, the entire ensemble is in the superparamagnetic state. It is widely accepted 
that the breadth of a ZFC curve and proximity of the peak to Tirr indicate size uniformity for a 
given sample, with a more uniform size distribution displaying a sharper peak [8].  
As seen in Figure 2.3, there is a temperature and size dependence for HC for a 
nanoparticle ensemble. That dependence is seen here,  
𝐻𝐶 =  𝐻𝐾 [1 − (
𝑙𝑛(
𝜏𝑚
𝜏0⁄ )𝑘𝐵𝑇
𝐾𝑉
)
1/2
]                                               (2.3) 
where, HK is the coercivity when a material is unaided by thermal energy (anisotropy field, HK = 
2K/MS), T is the measurement temperature, and the rest of the variables are the same as in 
Equation 2.2 [20, 21]. From Equation 2.3, HC approaches HK under 2 conditions: as V becomes 
very large or if T becomes very small. If we combine Equation 2.2 with Equation 2.3, it is clear 
to see the blocking temperature dependence of coercivity, 
𝐻𝐶 =  𝐻𝐾 [1 − (
𝑇
𝑇𝐵
)
1/2
]                                                       (2.4) 
From Equations 2.2-2.4, one can see that as the measurement temperature approaches TB, 
coercivity drops to zero. As HC drops off to zero, MR must also be reduced to zero. This is 
confirmed by M(H) loops taken above TB, like the one in Figure 2.3. 
 An interesting property that can arise in particles of reduced dimensionality is interfacial 
exchange anisotropy, more commonly referred to as exchange bias (EB) [14]. EB was first 
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discovered by Meiklejohn and Bean in 1956 [22] and has been a popular topic ever since. EB 
often manifests itself as a horizontal or vertical shift in a hysteresis loop and an enhancement in 
HC [23]. EB was first discovered due to exchange coupling in nanoparticles containing an 
antiferromagnetic material (cobalt oxide) and a ferromagnetic material (cobalt). Since then, EB 
has displayed itself in a variety of magnetic materials with interfaces, in general [24]. These 
materials include ferrite nanoparticles exhibiting surface spin disorder, such a nickel ferrite, 
cobalt ferrite, and maghemite [25-27], all of which are examined later in this thesis.  
2.1.4 Magnetic Models for Nanoparticles 
 Thus far, this chapter established that an ensemble of nanoparticles displays 
superparamagnetism under three conditions. Although materials are commonly reported to be 
superparamagnetic if the temperature is well above the irreversibility temperature, if they lack 
coercivity, lack remnant magnetization, and display a saturation magnetization-like feature, this 
is not enough. Values obtained from measurements introduce some level of subjectivity due to 
the limitations of actual laboratory measurement systems. Magnetic models have been 
introduced to complement laboratory experiments and confirm a variety of magnetic behaviors. 
For example, the second criteria for superparamagnetic behavior is for a sample’s M(H) behavior 
above Tirr to be “Langevin-like.” 
In Chapters 6 and 7, this thesis presents fittings of data from an M(H) plot above Tirr to a 
standard Langevin function, described as, 
𝑀(𝐻) = ∫ 𝑀0𝐿 (
𝜇0𝐻
𝑘𝐵(𝑇+𝑇𝑖𝑛𝑡)
)  𝑓(𝐷)
∞
0
𝑑𝐷 +  𝜒𝑃𝑀𝐻                              (2.5) 
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where D is the diameter of the nanoparticles and L(x) = cotanh(x)-1/x is the Langevin Function, 
with x = 
𝜇0𝐻
𝑘𝐵(𝑇+𝑇𝑖𝑛𝑡)
 in our case.  The function f(D) is the particle size distribution, which generally 
follows a log-normal function defined by two parameters (𝛼 and 𝛽), as shown below: 
                                            𝑓(𝐷) =
1
𝐷𝛽√2𝜋
∙ 𝑒𝑥𝑝 (−
(𝑙𝑛𝐷−𝑙𝑛𝛼)2
2𝛽2
)                                           (2.6) 
In this distribution the mean diameter and standard deviation are given by: 
?̅? = 𝛼𝑒
(
𝛽2
2
⁄ )
                                                            (2.7) 
𝜎2 = ?̅?2 (
?̅?2
𝛼2
− 1)                                                        (2.8) 
This function fitting was carried out with parameters set to α, β, MSSPM (superparamagnetic 
saturation magnetization), MSMaterial (saturation magnetization of the bulk form of the material), 
TM (measurement temperature), TInt (interaction temperature), and χPM (paramagnetic 
susceptibility). The experimenter inputs magnetization vs. magnetic field data along with values 
for MSMaterial, TM, TInt, and a program returns values for α, β, MSSPM, and χPM. 
In addition to probing the static (time-independent) properties of magnetic nanoparticle 
systems, it is also useful to study the dynamic (time-dependent) properties through AC 
susceptibility (AC-χ) measurements. AC-χ measurements are conducted when a small, externally 
applied AC magnetic field is swept over a temperature range at a variety of frequencies. 
Magnetic susceptibility is defined as χ = M/H and can be broken down in to real/in-phase (χ’) 
and imaginary/out-of-phase (χ”) parts [20]. 
The measurement time, τ, plays a role in determining critical parameters of a nanoparticle 
ensemble, through the Néel-Arrhenius law, which illustrates how temperature and relaxation 
time are related, 
22 
 
𝜏 = 𝜏𝑁𝐴 exp (
𝐸𝑎
𝑘𝐵𝑇
)                                                        (2.9) 
where τNA is the relaxation time (microscopic flipping time of spins), T is the peak temperature 
and Ea is activation energy [8]. The experimenter inputs data for T vs. τ and obtains values for 
τNA and Ea. 
The Néel-Arrhenius law works well for systems of truly non-interacting particles, 
however, if dipolar interactions exist in a nanoparticle ensemble, the Néel-Arrhenius law returns 
unphysical values for τNA and Ea. This issue is resolved by the inclusion of a characteristic 
temperature, T0, which is added to the exponential term, giving us the phenomenological Vogel-
Fulcher law for weakly interacting systems, 
 𝜏 = 𝜏𝑉𝐹 exp (
𝐸𝑎
𝑘𝐵(𝑇−𝑇0)
)                                                          (2.10) 
where, τVF is the relaxation time for each nanoparticle and T0 is a characteristic temperature [27].  
It is also possible to probe dynamic measurements using a critical exponent law: 
𝜏 = 𝜏𝐶 (
𝑇
𝑇𝑔
− 1)
−𝑧𝑣
                                                            (2.11) 
where τC is the relaxation time for each nanoparticle, Tg marks the onset of glassy behavior upon 
cooling, and zν is a critical exponent related to the correlation length. Typically this critical 
exponent law is used to determine if a nanoparticle ensemble displays glassy behavior, however 
it can also be a good indicator of superparamagnetic behavior in a system [28,29]. 
As illustrated earlier in this chapter, effective anisotropy (K) is a crucial material 
parameter. In general, anisotropy refers to when material properties yield different values for the 
same measurement when taken in different directions [20]. In the case of magnetism, this would 
refer to the different magnetization properties that arise when measurements are done in different 
directions, particularly along an easy and hard axis [14]. When magnetization is measured along 
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the easy axis, a material typically takes very little energy to magnetize, often with low coercivity 
and high saturation magnetization. On the other hand, when magnetization is measured along the 
hard axis, it takes a lot of energy to magnetize, often with large coercivity, and sometimes lack of 
saturation magnetization.  
There are several different contributions to the total anisotropy of a magnetic material. 
Some of the more relevant types of anisotropy for magnetic nanomaterials are 
magnetocrystalline anisotropy, shape anisotropy, strain anisotropy, and surface anisotropy. 
According to the Stoner-Wohlfarth model, the nanoparticle is assumed to have an effective 
uniaxial anisotropy, which in the absence of a magnetic field, can be defined through the energy, 
Ea = KVsin
2θ [30]. Here, θ is the angle between the magnetization and the symmetry axis.  
2.2 Magnetic Interactions 
 The study of magnetic materials confined in non-magnetic media has been a popular 
research area recently due to the facilitation of fundamental studies of magnetic behavior and 
also for many technological applications such as in magnetic recording media [31-33]. Systems 
containing magnetic nanograins allow for the fundamental study of interparticle interactions, 
since a variety of interactions are present, such as exchange and dipolar interactions [19].  
 There are several types of exchange interactions that manifest long range order in 
magnetic materials, with two main types: direct exchange and indirect exchange [19]. Direct 
exchange comes about when magnetic materials are in close enough contact for the electrons of 
neighboring magnetic atoms to interact with one another [19, 21]. Indirect exchange comes in 
many forms such as superexchange and RKKY interactions. Although exchange interactions 
generally take place over short distances, superexchange takes place over magnetic ions that are 
next-nearest neighbors. Superexchange is mediated through a non-magnetic ion that sits in 
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between the magnetic ions. RKKY interactions (named for Ruderman, Kitel, Kasuya, and 
Yoshida) take advantage of spin polarization in conduction electrons of metallic media. Double 
exchange arises when magnetic ions in a molecule exhibit different valence states. Finally, the 
anisotropic exchange interaction (also known as the Dzyaloshinsky-Moriya interaction) arises 
from the spin-orbit interaction in the magnetic ions to form an exchange interaction between the 
excited state of one ion and the ground state of another [19]. 
 On the other hand, dipolar interactions are long-range interactions that arise from the 
fundamental dipolar nature of magnetic moments [34]. Energy arising from dipolar interactions 
is described by the following equation, 
𝐸𝑑𝑖𝑝,𝑖𝑗 =  − (
µ0
4𝜋
)
µ𝒊µ𝒋
𝑟3
[3𝑐𝑜𝑠2𝜃𝑖𝑗 − 1]                                     (2.12) 
where µ0 is the permeability of free space, µi and µj are point dipoles with an angle of θij between 
them and r is the distance between the point dipoles [21].  
The magnetic interparticle interactions expressed in the confined nanoparticle systems 
examined in this thesis (polymer nanocomposites, PNCs and magnetic nanoparticle-filled multi-
walled carbon nanotubes, MNP-filled MWCNTs) are mainly of a dipolar nature. 
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Chapter 3: Instrument/Equipment Details and Analysis Techniques 
Note to Reader 
A portion of this chapter has been previously published in one peer-reviewed journal 
article (V. Šepelák, I. Bergmann, S. Indris, A. Feldhoff, H. Hahn, K.D. Becker, C.P. Grey, and P. 
Heitjans, J. Mater. Chem. 2011 21, 8332) and has been reproduced with permission from the 
publisher. 
This chapter will cover details of equipment and analysis techniques used for the 
structural, magnetic, and microwave/radio frequency characterization techniques applied in this 
thesis. 
3.1 X-Ray Diffraction 
3.1.1 Basic Principles of X-Ray Diffraction 
X-ray diffraction (XRD) serves as a relatively inexpensive, easy, and accurate way to 
characterize samples, therefore it has become a standard way of doing so. XRD is based on the 
diffraction of x-rays off of a crystalline lattice. Each material has a specific “fingerprint” that can 
be read with the use of XRD.   
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Figure 3.1: Schematic showing Bragg diffraction for x-ray diffraction (XRD) [1]. 
As Figure 3.1 shows, x-rays incident on the sample collide with atoms in a lattice 
structure and are diffracted back and gathered by a detector. Interference of x-rays, which arises 
from path length differences, is described by the Bragg equation [2]:    
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                                                            (3.1) 
where d is the spacing between the crystalline lattice plains, λ is the wavelength of the x-rays, n 
is an integer and θ is the angle of incidence between the incoming x-rays and the surface of the 
sample. The diffracted x-rays constructively interfere with one another to create diffraction 
patterns, creating a series of peaks of various heights in different locations corresponding to the 
crystalline structure of the sample. Note also that the relative intensity of these peaks is related to 
how crystalline a sample is and the width is directly related to the grain size. Figure 3.2 shows 
the oxide spinel unit cell with tetrahedral (A) sites and octahedral [B] sites. 
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Figure 3.2: Oxide spinel unit cell with tetrahedral (A) sites and octahedral [B] sites. Image 
printed with permission from [3]. 
As, mentioned in Chapter 2, spinel and inverse spinel structures have the molecular 
formula AB2O4, where A and B are transition metals and O is oxygen.  
 
Figure 3.3: X-ray diffraction pattern of oxide spinel nanoparticles. The numbers located at each 
peak are Miller indices. 
A typical XRD pattern for ferrite nanoparticles with (inverse) spinel structure is seen in 
Figure 3.3. The numbers at the top of each peak are Miller indices describing the location of 
atoms within each unit cell of the crystalline lattice. 
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3.1.2 Sample Preparation for X-Ray Diffraction 
XRD samples can be made in a variety of ways, depending on the sample and the 
particular x-ray diffractometer. Many thin films can be measured in their “as made” form, as 
long as they fit within the incident beam’s range. However, loose, surfactant-free powders 
generally need to be pressed into a mold before measurements to ensure that the material will 
create a uniform layer and will not spill off of a substrate during measurement. If a powder has a 
surfactant in it, like the ones described in this thesis, it is possible that the surfactant will help the 
nanoparticles stick to one another, creating a thin, uniform film of nanoparticles on a substrate. 
Generally nanoparticles described in this thesis are distributed drop-wise on to a glass substrate 
until a layer is thick enough to get sufficient signal to noise ratio from the plot.   
The x-ray diffractometer used for the work in this thesis is a Bruker AXS model D8 
Focus. The x-ray radiation is Cu-Kα (λ=1.5406 Å). The detector is a 1D LynxEye Detector with 
a spatial resolution of 75 µm. Peaks were analyzed using DIFFRACplus BASIC Evaluation 
package using the EVA peak search function and database. 
3.2 Transmission Electron Microscopy 
3.2.1 Basic Principles of Transmission Electron Microscopy 
Transmission electron microscopy (TEM) involves probing a material by transmitting 
electrons, rather than visible light, through a sample [2]. Therefore, electromagnetic (EM) lenses 
must be used, rather than optical lenses. EM lenses work by utilizing the Lorentz force; as the 
magnetic field is changed, this tunes the focus on the lens and the resulting image.   
The orientation of a TEM is similar to that of a transmission optical microscope, as 
shown in Figure 3.4. Electrons are sent out of an electron gun at various accelerating voltages, 
depending on the make and model of the device and the resolution required. The electrons then 
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pass through a series of condenser and objective lenses to fine-tune the beam before contact with 
the sample. The sample is sandwiched between two objective lenses. The first image is then 
created and projected onto a fluorescent screen. On most TEMs, the fluorescent screen can be 
moved and the image is captured by a charge-coupled device (CCD) camera. 
 
 
Figure 3.4: Schematic diagram of a transmission electron microscope (TEM) [4]. 
There are three different types of contrast associated with TEM: mass-thickness contrast, 
diffraction contrast, and phase contrast. Mass-thickness contrast arises from sample thickness 
and specimen density [2]. Thus, a TEM image will appear darker in regions where the sample is 
thicker or denser than in other regions. Mass-thickness contrast issues commonly occur with 
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large samples, such as biological samples. Since the electrons used for imaging are both direct 
and diffracted electrons, diffraction contrast arises, as well [2]. This type of contrast comes from 
the stacking of atoms in a crystalline lattice. With a perfect crystalline lattice, all of the atoms 
will be aligned in the same place throughout the sample, and thus diffraction and contrast will 
become more pronounced. Likewise, defects in a crystalline lattice can reduce the amount of 
contrast that is inherent in a given sample, much like with XRD. This is the reason that it is 
impossible to achieve a clean high resolution TEM (HRTEM) image of amorphous samples. 
Also, it is possible that a phase difference can exist between the direct and diffracted electrons 
after contact with the sample. This phase difference produces phase contrast [2]. Phase contrast 
gives rise to bright or dark field images. If enough tilt exists on the incident electron beam, a 
dark-field TEM image is produced, where the objects being viewed appear very light on a very 
dark background, opposed to the typical bright field image, where the opposite occurs. Only 
bright field TEM images are used throughout this thesis. 
3.2.2 Sample Preparation for Transmission Electron Microscopy 
A sample must be semi-translucent for successful transmission of electrons through it. 
This generally translates to a sample thickness of up to 500 nm for TEM or up to 100 nm for 
HRTEM. 
Sample preparation techniques and types of samples that can be viewed using TEM have 
limitations due to the maximum observable thickness. Standard TEM sample holders are made to 
hold samples that are 3 mm in diameter, which adds another sample preparation limitation. Bulk 
samples must be re-sized before viewing. This can be done in a variety of ways including 
mechanical thinning, electrochemical thinning, ion milling, and by using a focused ion beam [2]. 
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All samples in this thesis were imaged on a 300 mesh formvar/carbon coated grid. 
Samples were prepared by first diluting the synthesized ferrofluid (1 drop of concentrated 
ferrofluid per 2 mL of hexane) and then placing 1 drop of the dilute solution onto a TEM grid. 
The solvent was evaporated, leaving a thin layer of nanoparticles on the grid. The samples were 
then mounted in the TEM and images were taken, as shown in Figure 3.5.   
 
Figure 3.5: Typical transmission electron microscope image of nanoparticles (nickel ferrite) 
synthesized by thermal decomposition, accompanied by a histogram of particle size. 
Particle size was measured by two methods: using analySIS software with the measure 
arbitrary distance option and using ImageJ [5]. With analySIS software, average particle size 
was found by measuring many of the nanoparticles in the TEM’s computer system; error was 
determined by calculating the standard deviation from the average particle size. With ImageJ, we 
were able to approximate the size of many more nanoparticles. Once an image is transformed in 
to gray scale, ImageJ uses the number of pixels on a scale bar to approximate the size of either 
dark or light patterns of a TEM image. The software provides the approximate nanoparticle size 
for each dot; the values are saved and exported to a different program for calculation of average 
size, error (taken to be the standard deviation), and graphing. An example of histogram with 
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results from an image processed using ImageJ can be seen in Figure 3.5. This method works very 
nicely for well-separated nanostructures, such as the ones described in this thesis.  
The TEM used for this thesis is an FEI Morgagni 268 TEM at an accelerating voltage of 
60 kV. The images were taken using two different cameras: an Olympus SIS MegaView III 
digital camera with magnification up to 180,000x and an Advanced Microscopy Techniques 
(AMT) XR 16 ActiveVu TEM camera with 16.8 Megapixels. High resolution TEM images for 
this thesis were taken at the University of South Florida’s Nanotechnology Research and 
Education Center by Dr. Yusuf Emirov using a Tecnai F20 TEM with an accelerating voltage of 
200 kV. The operating magnification of the microscope is from 25x to 1,030,000x. 
3.3 Magnetic Measurements 
All magnetic measurements were taken using a Physical Property Measurement System 
(PPMS) by Quantum Design. The PPMS has a temperature range of 1.9-350 K and can reach 
magnetic fields of up to ± 7 Tesla using a liquid helium-cooled superconducting magnet. The 
PPMS has many different probes that can be used to make measurements. The probes that were 
used for the work in this thesis are the alternating current measurement system (ACMS) and 
vibrating sample magnetometer (VSM). These probes work based on Lenz’s Law, meaning that 
as a magnetic material is moved through the coil, a current is induced in the coil and a voltage is 
measured and then converted to magnetic moment. To characterize a sample, many 
measurements are necessary. Each of the measurements used in this thesis are described below. 
Note that before any measurement begins, the coil is brought to 10,000 Oe and the magnetic field 
is set to oscillate about 0 Oe to remove any significant remnant magnetization from the sample 
and from the coil itself.  
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3.3.1 Magnetization as a Function of Temperature 
The magnetization as a function of temperature [M(T)] measurement is made using a DC 
magnetic field to determine where magnetic transitions occur. In general, there are three 
protocols for making M(T) measurements: zero-field cooled (ZFC), field cooled warming 
(FCW), and field cooled cooling (FCC). 
For the ZFC protocol, a sample is cooled below its magnetic transition temperature in the 
absence of an external magnetic field. Once the sample is at the base temperature, a small, 
constant external magnetic field, 50 Oe or 100 Oe for the presented work, is applied to the 
sample and data points are taken as the sample is warmed. For the FCW portion of a plot, the 
sample is cooled back down to below its magnetic transition temperature in the presence of the 
same, small external magnetic field. Once the sample reaches its base temperature, data points 
are taken as the sample is once again warmed. For the FCC protocol, data points are taken in the 
presence of that same external magnetic field while the sample cools from above to below the 
expected magnetic transition temperature.  
In this thesis the ZFC and FCW curves provide information on the magnetic transitions 
within the samples, the interparticle interactions, and the size distribution of the nanoparticles.  
The ZFC curve provides information on the average magnetic blocking temperature (TB, defined 
in Chapter 2), which is related to the apparent freezing, within the measuring time of the 
magnetometer, of the magnetic moments of the nanoparticles as the temperature decreases. The 
TB is proportional to the effective anisotropy (K) and magnetic volume (V) of the particle via  
𝑇𝐵 ≈
𝐾𝑉
25𝑘𝐵
                                                                      (3.2) 
where kB is the Boltzmann constant [6]. The TB is where the transition from the blocked to 
superparamagnetic regimes occurs while warming. This transition is indicated by a peak in the 
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ZFC curve. The breadth of this peak serves as an indicator of the size distribution of the 
nanoparticles within various samples with a broader peak indicating a larger size distribution 
than a more narrow peak [7]. This is because as the size of the nanoparticles changes, the 
temperature where magnetic blocking occurs changes also. Larger nanoparticles tend to have a 
higher TB, whereas smaller nanoparticles tend to have a lower TB as seen in Figure 3.6. 
Therefore, if there is a wide size distribution, there will be a wider number of TBs and a broader 
peak in the ZFC curve. Strong magnetic dipolar interactions between nanoparticles can also 
broaden the maximum of the ZFC curve and flatten out the FCW curve. 
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Figure 3.6: Zero-field cooled and field cooled warming magnetization vs. temperature curves of 
magnetite with two different sizes. 
The temperature below which the ZFC and FCW curves begin to separate from each 
other is referred as to the irreversibility temperature (Tirr), which is often associated with the 
magnetic blocking of the largest particles. Systems where Tirr is much higher than TB often show 
a large particle size distribution [8-14]. Above Tirr, the system enters a superparamagnetic regime 
with minimal interactions.   
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It can be seen from Figure 3.6 that both samples undergo a transition from the blocked 
state to the superparamagnetic state with increasing temperature. The narrow shape of the ZFC 
M(T) curve observed for 6 nm Fe3O4 nanoparticles is consistent with the perspective of an 
assembly of weakly interacting single domain (SD) particles, whereas the broadening of the ZFC 
M(T) curve observed for 12 nm Fe3O4 nanoparticles points to the system with stronger dipolar 
interparticle interactions [13].  
3.3.2 Magnetization as a Function of Applied Magnetic Field 
This measurement is used to further probe the sample by assessing the magnetic moment 
as a function of applied DC magnetic field [M(H)]. The magnetic moment of a sample is 
recorded as the external magnetic field is changed from positive to negative values. Since, in this 
thesis, only ferrites in the ferrimagnetic and superparamagnetic regimes are studied, these are the 
types of M(H) curves that will be discussed. It is important to note that in the ferrimagnetic 
blocked state (T < TB), the maximum magnetization (MMAX) and the coercivity (HC) increase as 
temperature decreases [15] as seen in Figure 3.7. 
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Figure 3.7: Example of magnetization vs. magnetic field curves in the ferrimagnetic blocked (red 
circles) and superparamagnetic (black squares) states for nickel ferrite nanoparticles. 
Goya et al. [16] reported that while examining particles from 150 nm to 4 nm below TB, 
the HC first decreased with particle size from 150 nm to 11.5 nm, but increased sharply for the 
smallest particles (D = 4 nm). Dutta et al. [8] observed a slight increase in HC as particle size was 
decreased from 12 nm to 6 nm and a sudden increase for 4 nm Fe3O4 nanoparticles. In both 
cases, the strong increase of HC for 4 nm Fe3O4 nanoparticles is associated with the strong 
decrease of MMAX, both of which point to a strong surface spin disorder that is present in these 
systems. 
Figure 3.7 shows the magnetic field dependence of magnetization [M(H) curves] taken at 
10 K and 300 K for 7 nm nickel ferrite (NiFe2O4, NFO) nanoparticles. The M(H) curves at 300 K 
do not show any hysteresis or remnant magnetization, whereas a clear hysteresis with a 
coercivity of HC = 138 Oe is observed at 10 K, which are characteristic of superparamagnetic 
and blocked states, respectively.  
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3.3.3 AC Susceptibility Measurements 
AC susceptibility measurements are made to measure the dynamic magnetic properties of 
a sample. Samples are cooled using the ZFC protocol to well below their magnetic transition 
temperature. At each temperature step, a small AC magnetic field (HAC = 1-10 Oe) is applied at a 
variety of frequencies. The extracted data can be separated in to the real (χ’) and imaginary (χ”) 
parts and plotted as a function of temperature. The peak temperature is determined from either 
the χ’(T) or χ”(T) and analyzed using appropriate magnetic models, as described in Chapter 2. 
3.3.4 Sample Preparation for Magnetic Measurements 
Samples were prepared by dropping concentrated sample solution onto a glass slide, 
letting it dry, scraping the material off of the slide, and placing the sample into a gel cap for 
measurement. Teflon tape filled the empty space within the gel cap to help keep the sample 
stationary. The sample was then placed on the end of either an ACMS or VSM sample holder, 
placed into the PPMS, and measurements were conducted.  
To prepare a polymer nanocomposite (PNC) sample for the PPMS, a similar method was 
utilized. Extra solvent was added to the PNC solution to make it less viscous and easier to work 
with. The material was then dropped on to a glass slide and left to dry. Once completely dry, the 
sample was placed in an oven and heated until the PNC was completely cured. Once the curing 
was finished, the sample was scraped off of the glass slide and placed in to a gel cap for 
measurement. Teflon tape, once again, filled the empty space within the gel cap and helped keep 
the sample in place; the prepared sample was placed on the end of an ACMS or VSM sample 
holder to make a measurement. 
After samples were mounted in the PPMS, sequences were written using MultiVu 
software. After measurements were made and recorded, data was exported to Microsoft EXCEL 
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to extract the desired information and normalize it for comparison. Data was plotted and 
analyzed using OriginPro 8.5 and Igor. 
3.4 Background and Theory on Microwaves and Radio Frequency (RF) Characterization 
All tunability measurements were conducted in the Center for Wireless and Microwave 
Information Systems (WAMI) in the department of Electrical Engineering at the University of 
South Florida under the direction of Dr. Jing Wang and Dr. Tom Weller.   
Dielectric permittivity and magnetic permeability are inherent in every material and are 
extremely important factors in the fabrication of microwave and RF devices. Generally, the 
necessary values for calculations are the relative permittivity and permeability. Relative 
dielectric permittivity is defined as 
𝜀𝑟 =
𝜀
𝜀0
                                                                          (3.3) 
where ε0 = 8.85 x 10-12 F/m is the permittivity of free space, and ε is the absolute permittivity of a 
sample [17]. Similarly, relative magnetic permeability is defined as 
𝜇𝑟 =
𝜇
𝜇0
                                                                        (3.4) 
where µ0 = 4π x 10-7N/A2 is the permeability of free space and µ is the absolute permeability 
[17]. Both εr  and µr are complex magnitudes and can be expressed as εr = εeff’ - iεeff’’, and µr = 
µeff’ - iµeff’’. 
The loss tangent is another important figure of merit, as it quantifies the amount of signal 
lost in a sample. The loss tangent is described by 
tan 𝛿 =
𝛿𝑟′′
𝛿𝑟′
                                                                   (3.5) 
where δr’ = µr’εr’ - µr’’εr’’ and δr’’ = µr’εr’’ - µr’’εr’. The loss tangent can also be expressed as 
the inverse of the quality factor (Q-factor) [18]. The Q-factor is defined as the ratio of energy 
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transmitted through a sample to the energy dissipated in it and is another measure of how 
effective a sample can be as an absorber or a transmitter.   
The resonance frequency range dictates under which circumstances a device will operate. 
The resonance frequency is described by the following equation: 
 𝑓𝑟 =  
𝑣𝑝
𝜆𝑔
=
𝑐
𝜆𝑔√𝜀𝑟𝜇𝑟
                                                             (3.6) 
where vp is phase velocity of the incident wave and  𝜆𝑔 is the guided wavelength, which is 𝜆𝑔 =
2𝐿
𝑛
, where L is the length of an inner conducting material on a fabricated device, and n is the nth 
frequency harmonic [19]. Therefore the resultant frequency of the resonator relies on the 
effective material properties of the substrate used. 
Other microwave characteristics include the scattering parameters, or S-parameters. 
These are the reflection and transmission coefficients as signals are passed through a sample; 
they are measured in decibels (dB) as a function of frequency [19]. These parameters are S11, 
S21, S12, and S22 for a two-port measurement. The reflection S-parameters are S11 and S22. 
S11 refers to the signal sent from port 1 and received at port 1; similarly, S22 refers to the signal 
sent from port 2 and received at port 2. The reflection S-parameters are commonly referred to as 
return loss. The transmission S-parameters are S21 and S12. S21 refers to the signal sent from 
port 1 and read at port 2; similarly, S12 refers to the signal sent from port 2 and read at port 1. 
The transmission S-parameters are commonly referred to as insertion loss. The S-parameters are 
the basis of all of the other microwave characteristics.  All other microwave characteristics are 
extrapolated from the S-parameters. 
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3.5 Microwave and RF Measurements 
In the following PNC samples, it is important to note that eddy currents are suppressed 
due to the monodispersion of superparamagnetic-like particles [20]. It has been shown that 
composites containing single domain filler materials (i.e. superparamagnetic particles) show 
higher values of permeability than their multi domain (MD) counterparts. MD samples, or 
samples with agglomerations of nanoparticles, can lead to a lower value of permeability [21].   
For this experiment, a two-port microstrip-based cavity resonator was designed to probe 
the magneto-dielectric properties in the RF and microwave regions for PNCs under the influence 
of an external DC magnetic field oriented transverse to the device, provided by an electromagnet. 
The magnetic field applied to the sample was measured using a DC magnetic flux meter. 
Microwave and RF signals were measured using a Vector network analyzer (VNA). A schematic 
of the measurement set-up and a picture of the actual set-up are shown in Figure 3.8. 
 
Figure 3.8: Schematic of test fixture set-up in electromagnet (left) and photo of set-up with cavity 
resonator (right). Reprinted with permission from Ref. [22]. 
Nonmagnetic coaxial SubMiniature version A (SMA) connectors and cables were used in 
the set-up to avoid any magnetic interference during measurements.   
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Chapter 4: Synthesis of Nanoparticles and Nanocomposites 
Note to Reader 
 A portion of this chapter has been previously published in a peer-reviewed journal article 
(K. Stojak Repa, D. Israel, J. Alonso, M.H. Phan, H. Srikanth, E.M. Palmero, M. Vazquez, J. 
Appl. Phys. 2015 117, 17C723) and has been reproduced with permission from the publisher. 
Synthesis for various systems discussed in the scope of this thesis is integral in 
determining the properties of a given material, therefore this chapter is dedicated to the synthesis 
of: (1) ferrite nanoparticles, (2) multi-walled carbon nanotubes, and (3) polymer nanocomposite 
materials. 
4.1 Nanoparticle Synthesis Methods 
The method of synthesizing ferrite nanoparticles allows us to tune their physical 
properties such as shape, size, crystallinity, stability in different solutions, and displayed 
magnetic properties [1, 2]. There are a wide variety of synthetic techniques available for making 
ferrite nanoparticles using bottom-up and top-down approaches. Here, we discuss some of the 
most common bottom-up approaches, where nanoparticles are built up from agglomeration of 
atoms. This section focuses on three synthesis techniques for ferrite nanoparticles: (i) thermal 
decomposition, (ii) chemical co-precipitation, and (iii) solvothermal. 
4.1.1 Thermal Decomposition 
Thermal decomposition is a very common synthesis technique for making ferrite 
nanoparticles due to the quality of the resulting nanoparticles and the speed of the reaction [3-9]. 
As the name thermal decomposition implies, this technique takes advantage of materials 
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breaking down and forming new compositions at various temperatures. This technique is 
particularly useful for making small, uniform nanocrystals. The basic procedure [4] is to mix 
organometallic compounds with a reduction reagent and a surfactant to stabilize the particles in a 
high boiling point organic solvent. The organometallic materials are generally metal 
acetylacetonates [M(acac)n, M = Fe, Mn, Co, Ni, Cr, n = 2, 3], metal cupferronates [MxCupx, M 
= metal ion, Cup = N-nitrosophenylhydroxylamine], or carbonyls. The surfactant, or surface 
active agent, is used as a stabilizing coating for the nanoparticles and can also have a drastic 
effect on the shape and size of resulting nanoparticles. The surfactant also determines what types 
of solvent the synthesized nanoparticles can be dispersed in, and prevents them from further 
oxidation. Fatty acids such as oleic acid, hexadecylamine, and oleylamine are common 
surfactants [5]. Benzyl ether, phenyl ether, octyl ether, or 1-octadecene can be used as the high 
boiling point organic solvents. There can also be some type of co-surfactant or reduction reagent 
to assist in the growth of the crystals. Some commonly used reduction reagents are 1,2-
hexadecanediol, 1,2-tetradecanediol, 1,2-dodecanediol, or forming gas (Argon-hydrogen 
mixture). Figure 4.1 shows a cartoon of the synthesis set-up and a flow chart for the formation of 
the nanoparticles. 
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Figure 4.1: Illustration of a reaction set-up commonly used for thermal decomposition (left) and 
schematic for typical synthesis procedure of 6-10 nm cubic spinel ferrite nanoparticles (right). 
Specifically, these ferrite nanoparticles are created by combining all reagents together in 
one flask; this includes all organometallic materials, surfactants, reduction reagents, and 
solvents. After mixing, oxygen is purged from the flask using argon or nitrogen, and heating is 
commenced. The flask is heated to the first reaction temperature, where the precursors 
decompose and seeds form. After two hours, the vessel is heated to the reflux temperature where 
the nanoparticles are allowed to grow and further crystallize. Here, the length of time the system 
sits in reflux determines the size and crystallinity of the nanoparticles. Finally, the reaction is 
terminated by rapidly cooling the reaction vessel.   
One of the advantages of thermal decomposition is that it is a one-pot synthesis, meaning 
that multiple chemical reactions occur in one reaction flask. Additionally, a variety of shapes and 
sizes can be reproducibly made, depending on the initial ratio of the precursor materials and the 
reflux time and temperature [4]. Once the particles are formed, the sample is centrifuged several 
times in the presence of ethanol to wash the nanoparticles and remove any excess chemical 
waste. After ethanol centrifugation, nanoparticles are centrifuged at a higher rate in the presence 
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of hexane. Any particles that are not able to stay in suspension are discarded because they are 
either too large, or have an insufficient surfactant coating. The final product of ferrite 
nanoparticles, such as magnetite or cobalt ferrite, in a non-polar solvent is called a ferrofluid. 
Most often, nanoparticles are suspended in hexane. Although the nanoparticle yield is typically 
considered small, and reactions in the flask are difficult to control completely, this method is 
straightforward and reliable in realizing magnetic nanoparticles that are uniform in shape, size, 
and crystallinity. 
4.1.2 Chemical Co-Precipitation 
Chemical co-precipitation is the most commonly used synthetic technique for making 
ferrite materials due to the relative ease and cost effectiveness of this method. This is a quick 
procedure that can be used to make a large quantity of several different types of materials with 
excellent phase uniformity. Although a large quantity of material is produced, this technique is 
often associated with a larger size distribution than other techniques [4, 10-11].  
Generally, the first step is to make a starting solution containing desired chemical 
constituents in a carrier solvent. After all materials have dissolved in solution, an acid or base is 
added, which creates an instant chemical reaction where a precipitate is formed. This precipitate 
consists of the desired nanoparticles. This reaction can occur at room temperature or elevated 
temperature depending on the size uniformity that is required for a given application [12,13]. If 
the reaction takes place at elevated temperature, the material can be stirred for a given period of 
time to allow the nanoparticles time to grow and crystallize. Nanoparticles made by this method 
can be made more monodisperse by adding stabilizing agents during the reaction [4]. 
For example, a direct method for making magnetite (Fe3O4) nanoparticles is to combine 
ferrous (Fe2+) and ferric (Fe3+) salts in an acidic solution, which precipitates the desired particles 
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in a very alkaline solution [10]. The ferrous and ferric salts are generally iron chlorides, sulfates, 
or nitrates.  Hydrochloric acid is one example of an acid used for this procedure [4]. Water is 
also commonly used as the carrier solvent for the salts during this reaction. Ammonia and 
sodium hydroxide are frequently used as the base because of their strong alkaline nature. Note 
that if the reaction takes place at elevated temperature, it is crucial to have an inert atmosphere to 
avoid undesired phases of ferrite materials.  
Nanoparticles made by the method described above are uncoated. If the nanoparticles 
need to suspend in a specific solvent, they need to have an appropriate surface coating. This can 
be added after the material has finished precipitating. For example, if iron oxide nanoparticles 
are meant to suspend in hexane or some other non-polar solvent, oleic acid can be added after 
precipitation of the nanoparticles and the solution can be left to stir to allow for even surfactant 
coating. This also helps with nanoparticle stabilization, in general. 
 
Figure 4.2: This cartoon illustrates the basic idea behind chemical co-precipitation. Start off 
with a solution containing suspended materials, add a reactant, and end up with a supernatant 
and a precipitate where the precipitate is the desired material.  
Once all of the precipitate has formed, the reaction is finished and it is vital to wash the 
nanoparticles by centrifugation in the presence of either water or some type of alcohol to remove 
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any unreacted chemicals and excess surfactant from the final product. Figure 4.2 shows a cartoon 
of the chemical co-precipitation synthetic route.   
4.1.3 Solvothermal 
The solvothermal synthetic route consists of placing a mixture of metallic precursor 
solutions with surfactants and solvent into a sealed autoclave to create nanoparticles by applying 
pressure [4, 14]. This method is often called hydrothermal synthesis because of the presence of 
water in the reaction vessel. After the materials are added to the autoclave and sealed in, the 
entire setup is placed into a constant temperature vessel, such as a water, oil, or sand bath, and 
heated to an elevated temperature to “pressure cook” the materials. The resulting material 
generally produces a small yield; however the particles formed are typically very uniform in size, 
shape, and crystallinity [4]. Figure 4.3 shows a cartoon of the solvothermal synthetic technique. 
 
Figure 4.3: Autoclave to be suspended in a constant temperature water, oil, or sand bath, 
depending on the temperature requirements of the reaction. This schematic shows the mixed 
metallic precursor solutions and the pressurized vapors they create, with nanoparticles 
beginning to form in solution. Image adapted from [13]. 
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Generally, to make iron oxide nanoparticles, one may combine an iron salt, surfactant, 
and reduction reagent in a solvent. Mix them well, transfer them to an autoclave, and heat them 
to a time and temperature that is appropriate for the desired size and crystallinity. Specifically, 
highly crystalline iron oxide nanorods [15] can be formed by combining oleic acid, 
hexadecylamine, and 1-octanol until they create a uniform solution, then injecting iron 
pentacarbonyl and continuing to stir until uniform. Finally, that solution is transferred into an 
autoclave and heated to 200 °C for several hours. While heating, the iron pentacarbonyl 
combines with the oleic acid to create an iron oleate; separately, the oleic acid combines with the 
hexadecylamine to create water. The water hydrolyzes the iron oleate and Wüstite forms. While 
under pressure, Wüstite eventually transforms to magnetite. Once cool, the magnetite nanorods 
should be washed by centrifugation using ethanol. 
As can be seen by transmission electron microscope (TEM) images of Fe3O4 
nanoparticles prepared by each of the above methods, all synthetic techniques create 
nanoparticles with a reasonable size distribution for most applications. 
 
Figure 4.4: Fe3O4 nanoparticles synthesized by thermal decomposition (A), chemical co-
precipitation (B), and solvothermal (C) methods. 
The nanoparticles discussed in subsequent chapters were exclusively produced via 
thermal decomposition.   
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4.2 Carbon Nanotube Synthesis and Filling 
The most popular methods for making carbon nanotubes (CNTs) often include the use of 
some type of metallic catalyst or seed, such as nickel or iron [16]. These metallic catalyst 
materials often result in CNTs that contain metallic impurities. While this may not cause a 
problem for some applications where metallic impurities are acceptable, these types of impurities 
are crucial when studying the magnetic properties of CNTs because the catalysts are generally 
ferromagnetic materials. 
In these studies, a catalyst-free chemical vapor deposition synthesis method is used to 
create multi-walled CNTs (MWCNTs) [17,18]. This synthetic method calls for porous alumina 
membranes (often open-ended) to be used as a template to house the growing MWCNTs.  
4.2.1 Chemical Vapor Deposition 
Chemical vapor deposition (CVD) is a dry synthetic method for creating high quality, 
solid materials [19]. In this technique, generally some substrate (porous or solid) is exposed to 
multiple precursor gasses that will decompose to reactive species and eventually lead to film or 
particle growth on the substrate. CVD synthesis is often completed in a chamber to minimize 
exposure to toxic byproducts from a given reaction. CVD methods are commonly used for 
synthesis of thin films, but as previously mentioned, here it is used to create MWCNTs.  
In our method, porous alumina templates are sandwiched between two pieces of quartz 
and pre-baked at 640 °C or 740 °C in the presence of argon gas for 1 hour prior to synthesis. This 
is to ensure that the alumina templates do not bend or warp during CNT synthesis. The heat-
treated alumina template is then heated to the reaction temperature in the presence of argon gas. 
Once the system has reached the reaction temperature, the flow of ethylene and helium gas is 
commenced and the flow of argon gas is terminated. Ethylene (flowing at 30 sccm) acts as the 
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carbon source, and helium (flowing at 70 sccm) promotes the flow of ethylene through the open-
ended porous alumina template (Figure 4.7A). The ethylene and helium gasses are allowed to 
flow for a pre-determined period of time to run the reaction (5-6.5 hours). At the end of the 
reaction time, the flow of ethylene is terminated and the MWCNT-filled alumina template is 
allowed to cool to room temperature naturally. Once the system is below 100 °C, the flow of 
helium gas is terminated and there is an alumina template filled with MWCNTs (Figure 4.7B). A 
TEM image is shown in Figure 4.5. 
 
Figure 4.5: Multi-walled carbon nanotubes synthesized via alumina template-assisted, catalyst-
free, chemical vapor deposition. Reprinted with permission from Ref. [18]. 
In addition to being catalyst-free, this method is also robust, allowing for the creation of 
MWCNTs under a wide range of synthesis conditions. We have run reactions creating CNTs 
between 600 °C and 720 °C. While the pore-size of an alumina template determines the outer 
diameter of the CNTs, the reaction temperature and time determine the wall thickness. The 
farther reaching implication of that allowance is that alumina templates with smaller or larger 
pore sizes may be used in order to obtain CNTs with different diameters (40 nm-500 nm pore-
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size in this thesis), meaning that these CNTs can be used for a wider array of applications 
depending on the size requirements. 
4.2.2 Two-step Anodization Process for Anodic Aluminum Oxide Membrane Synthesis 
At the beginning of our work, we used commercially available porous alumina templates 
from the Whatman Company with a pore-size quoted to be 200 nm. However, our measurements 
revealed that the pore size ranged from 250-500 nm. For a more detailed study on the effects of 
CNT diameter, we had to make our own alumina templates. Collaborators in the group of 
Professor Manuel Vázquez of the Instituto de Ciencias de Materiales de Madrid fabricated 
custom highly ordered anodic aluminum oxide (AAO) membranes from high purity aluminum 
foil (99.999%) by electrochemical route using a controlled two-step anodization process. In this 
process, electrodes were placed on both sides of a degreased and electropolished high-purity 
aluminum foil in a 0.3 M oxalic solution at 40 V and 4 °C. This first anodization formed initial 
seeds for the membrane pores. The alumina obtained during the first step was chemically 
removed using a mixture solution of CrO3 and H3PO4. The resulting surface was anodized again 
to obtain alumina templates with hexagonally ordered self-assembled nanopores. The remaining 
aluminum substrate was removed by a mixed solution of CuCl2·2H2O and HCl. In order to 
obtain pores with openings at both sides, the alumina barrier layer was chemically etched by an 
H3PO4 solution. A more detailed description of the process can be found elsewhere [20]. These 
membranes were later used as templates for CNT synthesis, as described above. A flow chart of 
this process is shown in Figure 4.6. 
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Figure 4.6: Step-by-step schematic of the two-step anodization process used to create alumina 
membranes with uniform pore size (A); scanning electron microscope images show a top view of 
the alumina membrane (B); and a cross-sectional scanning electron microscopy image of the 
alumina membrane (C). 
 These AAO membranes were used as templates during all diameter-dependence studies 
presented in this thesis. Resulting MWCNTs made using these templates are shown in Chapter 6. 
4.2.3 Novel Multi-Walled Carbon Nanotube Filling and Release 
Figure 4.7 shows a schematic of the procedure to synthesize and fill MWCNTs with 
magnetic nanoparticles. AAO templates saturated with CNTs (Figure 4.7B) were filled using a 
permanent magnet to induce a magnetically-assisted capillary action [21]. Figure 4.7C shows 
how the AAO template is place on top of the permanent magnet and the ferrofluid is dropped on 
top of the template. Since the tubes are mostly open-ended, some nanoparticles do escape 
through the bottom. Magnetic nanoparticles are suspended in hexane so that they dry very 
56 
 
quickly when dropped in to the MWCNTs. The filling procedure is repeated on a single template 
several times to ensure that the MWCNTs are mostly filled with magnetic nanoparticles. Figure 
4.7D shows a cartoon of the MWCNT-saturated AAO template filled with nanoparticles. Finally, 
the AAO template is dissolved using a strong sodium hydroxide solution (4-8 molar) and the 
resulting nanoparticle-filled MWCNTs are captured by a nylon filter and stored in isopropanol to 
obtain free-standing quasi-one-dimensional nanostructures that are used for further 
characterization (Figure 4.7E). 
 
Figure 4.7: Schematic showing steps to synthesize nanoparticle-filled multiwalled carbon 
nanotubes (MWCNTs). Start with a porous alumina template (A); fill with carbon to make 
MWCNTs using CVD synthesis technique (B); place template on top of a permanent magnet to 
get magnetically-assisted capillary action to fill MWCNTs while dropping ferrofluid on top of 
the template (C); nanoparticle-filled MWCNTs encased in an AAO template (D); free-standing 
nanoparticle-filled MWCNTs after dissolving of the AAO template in a sodium hydroxide 
solution (E). 
4.3 Polymer Nanocomposite Synthesis and Device Coating 
The formation of polymer nanocomposite materials is also crucial to this work. Here we 
include coating techniques such as sol-gel drying, spin-coating, and drop-cast. Curing methods 
for polymer nanocomposites (PNCs) are covered as well.   
In general, a PNC is a composite material consisting of a polymer host with a non-
polymeric nano-sized inclusion. In the case of this thesis, the nano-sized inclusions are magnetic 
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nanoparticles. There are multiple methods that can be employed to make a PNC. This work 
primarily utilized a solution mixing method that was optimized for a high-temperature 
thermosetting co-polymer from the Rogers Corporation that we will refer to as Rogers Polymer 
(RP), and a well-known ferroelectric polymer polyvinylidene fluoride (PVDF). A drop-cast 
method was used for physical characterization and device coating.   
4.3.1 Weight Percentage 
Generally, the amount of filler material in a composite is quantified by volume-percent or 
by weight-percent. All PNCs in this work were measured by weight-percent. This means that the 
concentration of the nanoparticles in the polymer was determined by calculating weight-
percentage of nanoparticles in polymer. The main work presented in this thesis was completed in 
RP, which is housed in a xylene solution. Therefore, the first step in PNC synthesis is to 
determine the percent solids of the RP-xylene solution. This was done by dropping a known 
amount of polymer solution into two weighing trays and measuring the mass before and after the 
xylene evaporated. By taking this ratio of masses, the percent solids of the polymer solution can 
be determined. The desired amount of dry polymer can be found using the following equation: 
𝑦
%𝑠𝑜𝑙𝑖𝑑𝑠
= 𝑧                                                                              (4.1) 
where y is the dry mass of the polymer, %solids is the weight-percentage of dry polymer in the 
RP solution, and z is the mass of the polymer solution. Once calculated, the nanoparticles were 
dried and measured out to the specific weight-percentages using the following equation: 
𝑤𝑡%
100
(𝑥 + 𝑦) = 𝑥                                                              (4.2) 
where wt% is the weight-percentage of dry nanoparticles in the polymer, x is the mass of the 
particles, and y is the dry mass of the polymer. The weighed nanoparticles were placed in a vial 
and the calculated amount of polymer was added to the vial. If any discrepancy of polymer 
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solution weight was present, the new weight-percentage was recorded. Once the polymer and 
nanoparticles were combined, hexane was added and the solution was stirred overnight with a 
magnetic stir bar to ensure even mixing within the PNC (pictured in Chapter 5). 
When using PVDF, a powder form of the polymer was used, making the determination of 
weight-percentages much more straightforward. As with the solution method, the dry particles 
were measured in a vial and then the dry PVDF powder was added to the vial. After the polymer 
and nanoparticles were combined, water was added to create a PNC mixture to make a uniform 
solution that was easy to work with for measurements. The PNC solution was then stirred 
overnight to ensure even dispersion of nanoparticles within the polymer. 
4.3.2: Sol Gel Drying Method 
Once PNCs are created, there are various ways to coat different devices and evaporate the 
solvent. One drying method for the polymer is similar to a sol-gel nanoparticle synthesis method 
[22]. A PNC solution is made, as previously described, and then the solvent is slowly evaporated 
until a rubbery PNC remains. This is generally done in a rotational evaporator (roto-vap) as seen 
in Figure 4.8.   
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Figure 4.8: Photo of a rotational evaporator that can be used to dry out PNCs and other 
materials. 
This roto-vap contains a vessel seated at an angle that holds the PNC solution sitting in a 
boiling water bath. As the solution heats, the solvent evaporates into another portion of the roto-
vap and is condensed into a solvent trap by using cold water, dry ice, etc. This drying method 
differs from a typical sol-gel method in the sense that all solvent is evaporated from the vessel, 
leaving a dry PNC, which can be rubbery. The problem with this PNC drying method is that it 
can be challenging to mold the dry, rubber-like PNC into a device, particularly a small one, as 
the material is not receptive to hand-powered compression. 
4.3.3 Spin-Coating Method 
The spin-coating method is utilized often when a thin layer of material is needed over a 
relatively small surface area. The substrate to be coated is placed on a vacuum-sealed substrate 
holder and rotated at specific rate (revolutions per minute, RPM). Once the substrate is in 
motion, a PNC solution is dropped directly on to the substrate and it immediately spreads out, 
covering the substrate [23]. The thickness of the film is determined by the viscosity of the PNC 
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solution, the RPM of the spin-coater, and how many layers of material are added. Since a thinner 
film can be made, evaporation of the solvent can happen more quickly than with a drop-cast 
method. One challenge with the spin-coating method is that the film usually has a bead at the 
edge, where material gathers while rotating, and this can interfere with any microwave or RF 
measurements. The other large challenge is that any size or depth cavity/substrate cannot be 
filled. For this reason, the spin coating method was used in previous works on PNCs [23], but 
was not employed in the scope of this thesis. 
4.3.4 Drop-Cast Method 
The method that was most often employed in this thesis is the drop-cast method [24].  
Because of the varying shapes and sizes of devices to be coated for this work, the most effective 
method for coating them and filling cavities was by dropping the solution into a desired 
structure. For this method, a reasonable amount of solvent should be present in the PNC.  It 
should be relatively easy to draw the PNC into a syringe to drop a pre-determined amount of 
PNC on to the device.  Once the material is dropped on to the device, the solvent is either left to 
dry on its own or subjected to mild heating in a vacuum oven. The PNC is heated under vacuum 
to ensure that no changes in morphology, such as size, shape, or phase, of the nanoparticles 
would occur.  The main challenge with this method is that it takes longer for the solvent to 
evaporate.  However, the main benefits are that it is easier to achieve thicker, more uniform films 
and almost any size or shape cavity can be filled. 
4.3.5 PNC Curing 
After the PNCs have been created and the devices have been coated, it is crucial to cure 
the PNC. Curing refers to the process by which polymer chains are cross-linked to each other 
[25]. This is an irreversible process where physical and chemical changes solidify and strengthen 
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the polymer. There are multiple methods by which curing can take place such as curing by hot 
press or vacuum oven. 
Depending on the polymer, a hot-press can be used to cure the PNC. For our purposes, 
with a high-temperature thermosetting resin, like RP, a hot-press is an appropriate way to cure 
large amounts of the material. For this method, a dry PNC, in its rubbery form, would be formed 
in some sort of mask, and then placed in a press that is capable of generating temperatures 
around 148 °C and pressures on the order of 10,000 psi. After one hour of being heated and 
pressed, the mask containing the PNC is cooled down and the hardened PNC is removed from 
the mask.   
 
Figure 4.9: PNCs that were cured using the hot press method and have come out of a short, 
cylindrical mold. 
This method is best for large amounts of material or very thick layers. For example, the 
PNCs in Figure 4.9 are 1-2 inches in diameter. A risk that is presented when curing a PNC by 
this method is that the particles can be subjected to a morphology change upon extreme heating 
and/or pressure. Only robust particles should be used when employing hot presses to cure PNCs. 
This curing method would not be suitable for curing PNCs that are part of delicate devices.   
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A gentler way to cure thermosetting polymers is to heat them with the lack of pressure. 
Once the dry PNC sits in the device, it is placed in a vacuum oven and heated gently, in our case 
to 80 °C, to ensure no morphology change [24, 26-27]. It can take up to 24 hours for the PNC to 
cure with the lack of pressure. The length of curing time is dependent on nanoparticle content 
and PNC thickness in the device. This method was exclusively employed in the scope of this 
thesis. 
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Chapter 5: Characterization of Polymer Nanocomposite Materials 
Note to Reader 
Portions of this chapter have been previously published in three peer-reviewed journal 
articles (C. Morales, J. Dewdney, S. Pal, S. Skidmore, K. Stojak, H. Srikanth, T. Weller, J. Wang, 
IEEE Transactions on Microwave Theory and Techniques 2011 59, 302; C. Morales, 
J.Dewdney, S. Pal, K. Stojak, H. Srikanth, J. Wang, and T. Weller, IEEE MTT-S International 
Microwave Symposium Digest, 2010 1340; K. Stojak, S. Pal, H. Srikanth, C. Morales, J. 
Dewdney, T. Weller and J. Wang, Nanotechnology 2011 22, 135602) and have been reproduced 
with permission from the respective publishers. 
This chapter focuses on structural, magnetic, and microwave properties of ferrite 
nanoparticles confined in different polymeric materials. The nanoparticles discussed are 
magnetite (Fe3O4) and cobalt ferrite (CoFe2O4, CFO); they are housed in a high temperature 
thermosetting copolymer from the Rogers Corporation that we call Rogers Polymer (RP) and a 
piezoelectric polymer, polyvinylidene fluoride (PVDF). 
Note that all tunability measurements were conducted in the Center for Wireless and 
Microwave Information Systems (WAMI) in the department of Electrical Engineering at the 
University of South Florida under the direction of Dr. Jing Wang and Dr. Tom Weller.   
5.1 Magnetite in Rogers Polymer (Fe3O4 in RP) 
Due to well-studied magnetic characteristics of Fe3O4 and the low-loss nature of RP, a 
combination of these two materials was chosen as a starting point for polymer nanocomposite 
(PNC) study. The synthesis procedure for the Fe3O4 nanoparticles is a thermal decomposition 
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method [1], where 2 mmol of iron (III) acetylacetonate [Fe(acac)3] and 10 mL of oleylamine 
were added to 10 mL of benzyl ether. The solution was magnetically stirred under a continuous 
flow of argon at 110 °C for 1 h, and then heated to reflux at 300 °C for 2 h. The resultant black-
colored material was left to cool to room temperature in an argon atmosphere. Then, 50 mL of 
ethanol was added to the solution and the precipitate was collected by centrifugation and washed 
with ethanol three times. The particles were then dissolved in hexane in the presence of oleic 
acid to stabilize the particles. Finally, the product was dried at room temperature and 
incorporated into RP following the procedure [1-3] previously discussed in Chapter 4 and an 80 
wt-% Fe3O4 in RP PNC was created. 
5.1.1 Structural Characterization of Fe3O4 in RP 
The transmission electron microscope (TEM) image of this early film shows that the 8 ± 
1 nm Fe3O4 nanoparticles are evenly-spaced throughout the PNC film.  
 
Figure 5.1: Transmission electron microscope image of the 80 wt-% polymer nanocomposite 
consisting of magnetite in Rogers Polymer. Reprinted with permission from Refs. [1,2]. 
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In Figure 5.1 we see some areas of uneven contrast due to uneven thicknesses across the 
film. Thickness contrast was previously discussed in Chapter 3 [4]. The small, dark spots are the 
nanoparticles and the larger shaded areas are regions in the film where the polymer is not evenly 
coated on the TEM grid. This was the first attempt at viewing a nanoparticle-RP film using TEM 
and the methods were improved upon in subsequent samples. 
5.1.2 DC Magnetometry Measurements 
All of the standard magnetometry measurements discussed in Chapter 3 were made using 
the AC measurement system (ACMS) option in a Quantum Design physical property 
measurement system (PPMS). Figure 5.2 shows the magnetization as a function of magnetic 
field [M(H)] curves at 300 K for the 80 wt-% PNC compared to the pure Fe3O4 nanoparticles 
(100 wt-%). From these curves, we see that there is a lack of coercivity and remnant 
magnetization, indicating that in both cases, the nanoparticles appear to be in the 
superparamagnetic state. The maximum magnetization (MMAX) is significantly higher, 53 emu/g 
for the plain nanoparticles vs. 31 emu/g for the 80 wt-% PNC. This is to be expected, as the 
magnetic volume in the 80 wt-% PNC is less than that of the pure Fe3O4 nanoparticles, therefore 
dipolar interparticle interactions are weaker in the 80 wt-% PNC.   
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Figure 5.2: Magnetization vs. magnetic field loops taken at T = 300 K for plain magnetite 
nanoparticles and the 80 wt-% Fe3O4 in RP polymer nanocomposite. Reprinted with permission 
from Refs. [1,2]. 
Also note the smooth edge of the curve prior to saturation. This is due to thermal 
fluctuations allowing for more favorable flipping of magnetic moments of the Fe3O4 
nanoparticles in the superparamagnetic state. 
5.1.3 Microwave and Radio Frequency Measurements 
For this sample, the microstrip-based cavity resonator was constructed by bonding two 
635-µm-thick printed circuit board (PCB) laminates. The laminate material was Rogers 
RT/Duroid 6010LM, which offers a high dielectric constant of 10.2, and boasts low losses of tan 
δ = 0.0023 (as stated on the Rogers Corporation fact sheet) [5]. The cavity resonator is 
comprised of the PNC, which is sandwiched in between the two sheets of PCB, with a copper 
ground plate on the bottom and a copper transmission line running along the top, as seen in 
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Figure 5.3 (below). The bottom laminate sheet was fabricated with a 435 µm cavity in which the 
PNC solution could be easily deposited and incorporated into the device.  
 
Figure 5.3: Schematic of cavity resonator. Reprinted with permission from Refs. [1,2]. 
The PNC solution was deposited into the cavity via volumetric syringe. After PNC 
deposition, the sample was left to dry overnight and the PNC was then cured at 90 °C in an 
atmosphere of 686 torr for 4 hours. Once the PNC was cured in the cavity, the two PCBs were 
bound together using a thin layer of epoxy while applying a vacuum to avoid bubble formation in 
between the layers of this device. 
All radio frequency (RF) and microwave measurements were conducted at room 
temperature within the frequency range of 1-6 GHz using the thru-reflect-line calibration 
procedure [5]. Scattering parameters were measured in order to extract the microwave 
characteristics of the PNC. The Nicolson-Ross-Weir formulation was combined with a 
conformal mapping method to extract microwave properties [6-17]. All analysis of RF and 
microwave data was done using the electromagnetic simulation software, Ansoft HFSS v11.1, 
with errors of less than 3%. All relevant equations for the presented analysis can be found in 
Chapter 3 of this thesis. 
The first set of data presented here is from the 80 wt-% PNC consisting of Fe3O4 
nanoparticles in RP. The unfilled RP exhibits a relative permittivity of 2.4 and a relative 
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permeability of 1. In zero applied magnetic field, the relative permittivity of the PNC is close to 
5.4; the nanoparticle inclusions are responsible for this change.   
As Figure 5.4 shows, there is an increase in relative permittivity as both the external 
magnetic field and frequency are increased.  At 6 GHz, a maximum value for relative 
permittivity was found to be 5.96 when H = 2.2 kOe. These figures demonstrate a maximum 
tunability of the relative permittivity of 5.5%. 
 
Figure 5.4: Relative permittivity of the 80 wt-% Fe3O4 in RP polymer nanocomposite as a 
function of external magnetic field and frequency. Reprinted with permission from Ref. [2]. 
Figure 5.5 shows the extracted values for relative permeability. The inclusion of Fe3O4 
nanoparticles provides the PNC with a measurable value for permeability.   
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Figure 5.5: Relative permeability of the 80 wt-% Fe3O4 in RP polymer nanocomposite as a 
function of external magnetic field and frequency. Reprinted with permission from Ref. [2]. 
The relative permeability was found to exhibit a maximum at H = 0.9 kOe for all 
measured frequencies. This is a characteristic value associated with Fe3O4 nanoparticles. An 
overall maximum relative permeability of 1.92 was extracted from data at a frequency of 1 GHz. 
The lowest relative permeability of 1.4, also at 1 GHz, was found at H = 4 kOe. Using these 
values for maximum and minimum relative permeability, we determine that a maximum 
tunability of 37% is achieved with the application of an external magnetic field. The loss tangent 
varies with frequency at H = 0, as shown in Figure 5.6.   
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Figure 5.6: Loss tangent of the 80 wt-% Fe3O4 in RP polymer nanocomposite as a function of 
external magnetic field with frequencies of 1-6 GHz. Reprinted with permission from Ref. [1]. 
The largest (0.14) and lowest (0.0011) losses are extracted at a frequency of 6 GHz for 
external magnetic fields of 2.6 kOe and 4.0 kOe, respectively, signifying a large external 
magnetic field dependence. 
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Figure 5.7: Transmission through the sample in the cavity resonator as a function of frequency 
over a variety of external magnetic fields for the 80 wt-% Fe3O4 in RP polymer nanocomposite 
showing changing resonance frequency; the triangles guide the eye along the change in 
resonance frequency. Reprinted with permission from Refs. [1,2]. 
Figure 5.7 shows the measured transmission characteristics of the PNC in the cavity 
resonator as a function of frequency for a series of externally applied magnetic fields ranging 
from zero to 3.95 kOe. From this plot, we see a clear pattern that as the external magnetic field is 
increased, the resonance frequency peak increases in value and becomes more pronounced. This 
change in resonance frequency is ascribed to variations in the relative permeability and relative 
permittivity of the PNC. Notably, the insertion loss decreases from -24.2 dB to -10.5 dB, with 
increase of external magnetic field, as evidenced by the magnitude of each resonance frequency 
peak. Figure 5.8 shows a comparison of quality factor and resonance frequency as a function of 
external magnetic field. 
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Figure 5.8: Quality factor and resonance frequency as a function of external magnetic field for 
the 80 wt-% Fe3O4 in RP polymer nanocomposite. Reprinted with permission from Refs. [1,2]. 
From this plot, we can see that there is an accessible resonance frequency range of 2.480 
GHz to 2.537 GHz (a difference of 57 MHz) and that the Q-factor increases 5.4 times with the 
application of an external magnetic field. It is important to note that the maximum Q-factor of 67 
occurs at the maximum external magnetic field of 4 kOe. 
5.2 Cobalt Ferrite in Rogers Polymer (CFO in RP) 
The next step in this project was to experiment with a different type of nanoparticle in the 
same polymer matrix. Cobalt ferrite (CFO) was chosen as the candidate material due to 
similarities in crystalline structure and vastly different magnetic properties, indicated by changes 
in blocking temperature (TB) and coercivity (HC) [3]. CFO also has inherently different 
microwave properties, which will be further discussed later in this chapter. 
The CFO nanoparticles were also made by thermal decomposition, however the 
procedure varied slightly from that of the Fe3O4 synthesis. In this procedure, we took 2 mmol of 
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a mixture of cobalt (II) acetylacetonate [Co(acac)2] and iron (III) acetylacetonate [Fe(acac)3] in 
1:2 ratio by mass [3,18]. Then the mixture was added to 10 mmol of 1,2 hexadecanediol, 6 mmol 
of oleic acid, 6 mmol of oleylamine, and 20 mL benzyl ether. The mixture was heated to 200 °C 
and maintained for 2 hours with constant stirring by magnetic stir bar and then refluxed at 300 
°C for 1 hour in the presence of Ar gas. The reaction mixture was allowed to cool to room 
temperature and ethanol was added to the cooled mixture. The black precipitate was separated by 
centrifugation. The final product of CFO nanoparticles was dispersed in hexane.  
For this experiment, four samples were made:  30 wt-%, 50 wt-%, 80 wt-% and pure 
CFO nanoparticles (100 wt-%). These samples were made so that we could compare and probe 
the differences between various weight percentages using the same materials. 
5.2.1 Structural Characterization of CFO in RP 
As discussed in Chapter 3, XRD is used to probe the crystallinity of a sample. In our 
case, we compared the crystallinity of PNCs with different weight percentages. Using XRD, we 
were able to determine if creating a PNC with CFO nanoparticles would change their crystalline 
structure either from creating the PNC solution, or the subsequent drying and curing of the PNC. 
As seen from the XRD comparison plot of the highest and lowest weight-percentages compared 
to pure CFO nanoparticles in Figure 5.9, the structure of CFO nanoparticles appears to remain 
intact. 
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Figure 5.9: X-ray diffraction (XRD) plot showing peaks in the same location and of comparable 
intensity for plain cobalt ferrite (CFO) nanoparticles and the 30 and 80 wt-% (highest and 
lowest wt-%) polymer nanocomposites; note that each sample is vertically displaced to better see 
the features of each data set. 
We see that peaks for the lowest and highest PNCs (30 and 80 wt-%) match each other 
and the pure CFO sample. The XRD plot shows noise because of the small grain size of the 
nanoparticles. As grain size decreases to smaller and smaller values, the XRD readout can 
become noisy. The important part is that the peaks are in the same location, indicating a cubic 
(inverse) spinel structure for all samples. 
TEM was used to confirm the size and shape of the CFO nanoparticles and the uniformity 
of each of the PNC films. TEM images were taken for each of the weight-percentages and for the 
plain CFO nanoparticles, as seen in Figure 5.10. 
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Figure 5.10: Transmission electron microscope images of (left to right) plain cobalt ferrite 
nanoparticles, 30, 50, and 80 wt-% polymer nanocomposites. © IOP Publishing.  Reproduced 
with permission from Ref. [3].  All rights reserved.  
http://iopscience.iop.org/article/10.1088/0957-4484/22/13/135602 
From the TEM images, we can see that the CFO nanoparticles are 10 ± 1 nm in diameter 
and display no obvious indications of agglomeration over the various samples. Several regions of 
each sample were viewed and well-separated particles were observed across all samples. It is 
clear to see that the interparticle separation is greatest in the 30 wt-% PNC and least in the 80 wt-
% PNC, with the 50 wt-% PNC falling in between the upper and lower bounds.   
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Figure 5.11: High resolution transmission electron microscope images of plain CFO 
nanoparticles (left) and 50 wt-% PNC (right) showing amorphous regions where polymer is 
located. © IOP Publishing.  Reproduced with permission from Ref. [3].  All rights reserved. 
http://iopscience.iop.org/article/10.1088/0957-4484/22/13/135602 
High resolution TEM (HRTEM) images were taken of the plain particles and the 50 wt-% 
PNC to more closely observe the synthesized samples, seen in Figure 5.11. From the images of 
the plain CFO nanoparticles, it is clear to see that there is no agglomeration of nanoparticles. The 
image on the right shows a closer view of the 50 wt-% PNC than Figure 5.10, where we can see 
that there are clear boundaries between the nanoparticles and the polymer matrix. It is important 
to note that since the polymer is an amorphous material, it appears as regions of lower contrast 
when using the HRTEM [4].   
5.2.2 DC Magnetometry Measurements 
All magnetic measurements were made in the PPMS using the ACMS option, as 
described in Chapter 3. The standard magnetometry measurements were made, including 
temperature-dependent and external magnetic field-dependent magnetization measurements 
[M(T) and M(H), respectively]. These measurements are shown in Figure 5.12 for all four 
samples. The M(T) measurement on the left in Figure 5.12 was taken under the influence of a 
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100 Oe external magnetic field over a temperature range of 10-330 K. The zero field cooled 
(ZFC) and field cooled warming (FCW) curves show a uniform blocking temperature of TB ≈ 
298 K for all samples, which shows that blocking is not altered by PNC loading or by any part of 
the PNC synthesis or curing process. The uniform TB and close proximity of the irreversibility 
temperature of the four samples confirms results from TEM that the nanoparticles are evenly-
sized. 
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Figure 5.12: Magnetometry measurements for samples of CFO in RP; from left to right:  M(T), 
M(H) at 10 K, and M(H) at 300 K measurements; inset in M(H) at 300 K shows close-up to show 
lack of HC and MR. © IOP Publishing.  Reproduced with permission from Ref. [3].  All rights 
reserved. http://iopscience.iop.org/article/10.1088/0957-4484/22/13/135602 
This observation is very important for tunable microwave applications, as problems with 
particle dispersion are known to affect the response and often yield results that are not 
reproducible from sample to sample. One advantage to using CFO nanoparticles near 10 nm in 
diameter as the filler is that their TB is close to room temperature. Since this is the case, it is 
possible to access either the superparamagnetic or blocked state by heating or cooling the sample 
slightly, allowing for different commercial applications that require softer or harder magnetic 
properties of filler materials. 
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The M(H) measurements were conducted in external fields of up to ± 50 kOe at 
temperatures of 10 K (middle) and 300 K (right). From the M(H) at 10 K, we observe a high HC 
of 19 kOe that is unchanging throughout the samples. The remnant ratio (ratio of remnant 
magnetization to maximum magnetization, MR/MMAX) is consistent for all samples at 10 K also, 
as shown in Table 5.1. 
Table 5.1: Remnant magnetization, saturation magnetization, and remnant ratio for each CFO in 
RP PNC, taken from the M(H) data at T = 10 K. © IOP Publishing.  Reproduced with 
permission from Ref. [3].  All rights reserved. http://iopscience.iop.org/article/10.1088/0957-
4484/22/13/135602 
Wt-% of CFO in RP MR (emu/g) MMAX (emu/g) MR/MMAX 
30 9 11 0.82 
50 17 20 0.85 
80 27 32 0.84 
100 38 45 0.84 
 
At 300 K, HC and MR = 0 Oe and the sample clearly is approaching saturation, which are 
characteristic of superparamagnetism in nanoparticles [19]. It is important to note that in all 
cases, the magnetization value increases with increasing CFO loading in the samples, which 
means that the magnetization of these PNCs can be tuned based on nanoparticle loading. 
5.2.3 Microwave and Radio Frequency Measurements 
For this set of samples, two-port microstrip test fixtures were designed for microwave 
characterization purposes [3]. The device, shown in Figure 5.13 was designed to have a PNC 
layer with a transmission line (metallization layer) adhered to the top of it. The PNC and the 
metallization layer were sandwiched between a dielectric substrate and a layer of RP, with 
copper leads on top of the device and a copper ground plate on the bottom, creating a microstrip 
linear resonator (MLR). This design was fabricated with liquid PNC solution deposition in 
mind. PNCs consisting of CFO and RP were drop-cast on to the dielectric substrate using a 
volumetric syringe. 
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Figure 5.13: Schematic for microstrip linear resonator used for tunability measurements with 
the CFO in RP PNC. © IOP Publishing.  Reproduced with permission from Ref. [3].  All rights 
reserved. http://iopscience.iop.org/article/10.1088/0957-4484/22/13/135602 
Several of these structures were made to test three separate concentrations in order to 
study their magneto-dielectric response at various microwave frequencies under the influence of 
an external magnetic field. The boards were dried overnight and cured in a vacuum oven at 110 
°C for 3 hours. A PNC film thickness of 100 µm was measured by profilometry. 
Measured transmission characteristics of the PNCs in the MLR can be seen in Figure 
5.14 of the 80 wt-% PNC. 
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Figure 5.14: Transmission through the sample in the microstrip linear resonator as a function of 
frequency over a variety of external magnetic fields for the 80 wt-% CFO in RP polymer 
nanocomposite. © IOP Publishing.  Reproduced with permission from Ref. [3].  All rights 
reserved. http://iopscience.iop.org/article/10.1088/0957-4484/22/13/135602 
This plot shows the microwave signal attenuation as a function of frequency for the 80 
wt-% PNC under the influence of various external magnetic fields. As mentioned in equation 
3.8, as either the permeability or the permittivity of a sample is altered, the resonance frequency 
will change. This translates to a variable resonance frequency, as seen in Figure 5.14.   
Figure 5.15 shows the quality factor (left-axis) and resonance frequency (right-axis) as a 
function of externally applied DC magnetic field for the 30 wt-%, 50 wt-%, and 80 wt-% PNCs. 
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Figure 5.15: Q-factor (left-axis) and resonance frequency (right-axis) as a function of external 
DC magnetic field for the 30 wt-% (left), 50 wt-% (middle), and 80 wt-% (right) PNCs. © IOP 
Publishing.  Reproduced with permission from Ref. [3].  All rights reserved. 
http://iopscience.iop.org/article/10.1088/0957-4484/22/13/135602 
From these plots, we can determine that each sample appears to follow a similar pattern 
with regard to increasing Q-factor and varying resonance frequency along with increasing 
magnetic field. For the device with 80 wt-% loading, a strong deviation of 518 MHz (from 2.976 
to 2.458 GHz) in the resonance frequency was observed, which implies that the product of μ and 
ε experienced a significant variation under the application of an externally applied magnetic 
field. Furthermore, the Q-factor was increased from 2.0 to 11.46 (5.6x). From these results, we 
can surmise that the incorporation of a high concentration of magnetic nanoparticles into a 
polymer matrix improves the tunability of the complex permittivity and complex permeability at 
microwave frequencies. 
As compared to the 80 wt-% sample of CFO nanoparticles in RP, the samples with 
reduced loadings (50 wt-% and 30 wt-%) demonstrate subtle changes in their measured 
frequency responses under the influence of the externally applied magnetic field, as shown in 
Figure 5.15. For the 50 wt-% and 30 wt-% PNCs, the resonance frequency deviated by just 5 
MHz and 1.25 MHz, respectively. The corresponding Q-factors for the 50 wt-% and 30 wt-% 
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PNCs were increased from 19.03 to 20.10 and 28.30 to 28.51, respectively. These data clearly 
show that the tunability of the device is greatly dependent upon the concentration of 
nanoparticles in the PNC. However, as the incorporation of magnetic nanoparticles also 
introduces noticeably higher losses; a design strategy and trade off might be needed to achieve 
the best balance between the desired tunability and microwave performance of the devices. 
5.3 Magnetite in Polyvinylidene Fluoride (Fe3O4 in PVDF) 
As a third step in this project, we decided to experiment with a different type of polymer 
and went back to Fe3O4 as the magnetic nanoparticle filler. Polyvinylidene fluoride (PVDF) was 
chosen because of its piezoelectric properties [20]. Fe3O4 nanoparticles were functionalized with 
Polyethylene glycol (PEG), an amphiphilic polymer because the dispersion of nanoparticles into 
this polymer matrix served more difficult than with the previous samples. This is because PVDF 
is water-soluble, meaning that a different type of surface functionalization was needed on the 
nanoparticles.  
Fe3O4 nanoparticles were synthesized in the same manner as in Section 5.1 [1]. Surface 
functionalization was carried out by dissolving polyethylene glycol (M = 3000), N-
hydroxysuccinimide, N,N′-dicyclohexylcarbodiimide, and dopamine hydrochloride in a mixture 
containing chloroform, dimethylformamide, and anhydrous sodium carbonate. The solution was 
stirred at room temperature for 2 hours before Fe3O4 nanoparticles were added, and the resulting 
solution was stirred overnight at room temperature in an argon atmosphere [21]. The surface 
functionalized Fe3O4 nanoparticles were precipitated by adding hexane and dried under argon. 
The resulting surface functionalized Fe3O4 nanoparticles were suspended in a solution containing 
dimethylformamide and PVDF to make 30 wt-%, 50 wt-%, and 80 wt-% PNCs. 
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5.3.1 Structural Characterization for Fe3O4 in PVDF 
Figure 5.16 shows TEM images of the 50 wt-% PNC and of plain Fe3O4 nanoparticles 
(100 wt-%). Fe3O4 nanoparticles are 7 ± 2 nm in diameter and display no obvious indications of 
agglomeration over multiple regions of each sample.   
 
Figure 5.16: Transmission electron microscopy images of plain Fe3O4 nanoparticles (left) and 
the 50 wt-% PNC consisting of Fe3O4 in polyvinylidene fluoride (PVDF) (right). 
5.3.2 Magnetometry Measurements 
M(T) and M(H) measurements were made for all four samples to compare the magnetic 
characteristics of each PNC. The measurements for all samples are seen below. 
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Figure 5.17: Magnetometry measurements for Fe3O4 in PVDF samples.  From left to right:  
M(T), M(H) at 10 K, and M(H) at 300 K measurements. Insets show close-ups to show HC and 
MR ≠ 0 from M(H) at 10 K, and HC = MR = 0 from M(H) at 300 K. 
The M(T) measurements on the left in Figure 5.17 were taken under the influence of a 
100 Oe externally applied magnetic field over a temperature range of 10-300 K. The ZFC and 
FCW curves show a uniform blocking temperature of TB ≈ 40 K for all samples, which shows 
that, as with previous samples, blocking is not altered by PNC loading or by any part of the PNC 
formation or curing process.   
M(H) measurements were conducted in external fields of up to ± 50 kOe at temperatures 
of 10 K (middle) and 300 K (right). From the M(H) at 10 K, we observe an HC of 185 kOe that is 
constant throughout the samples. The remnant ratio (ratio of remnant magnetization to maximum 
magnetization, MR/MMAX) is also consistent for all samples at 10 K, as shown in Table 5.2. 
Table 5.2: Remnant magnetization, maximum magnetization, and remnant ratio for each Fe3O4 
in PVDF PNC, taken from the M(H) data at T = 10 K. 
Wt-% of Fe3O4 in PVDF MR (emu/g) MMAX (emu/g) MR/MMAX 
30 0.53 1.60 0.33 
50 1.30 4.20 0.31 
80 1.86 6.12 0.30 
100 2.34 7.12 0.33 
 
At 300 K, all samples appear to be superparamagnetic due to the approach to saturation 
combined with a lack of HC and MR. The MMAX increases with increasing nanoparticle 
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concentration in all samples, which means that the magnetization of these PNCs can also be 
tuned based on nanoparticle loading, which turns out to be very important with microwave 
tunability measurements. This phenomenon has also been observed with iron nanoparticles (~20 
nm) in poly(methylmethacrylate) (PMMA) [22]. 
5.4 Conclusions on Characterization of Polymer Nanocomposite Materials 
In conclusion, three separate PNCs were successfully synthesized and characterized. 
Structural characterization via XRD revealed that nanoparticle inclusions maintain their 
crystallinity throughout the fabrication of each PNC. TEM results indicate that nanoparticle 
inclusions stay uniformly separated throughout each PNC with notable lack of agglomeration. 
Magnetometry reveals that each sample is superparamagnetic-like at room temperature with a 
tunable saturation magnetization based on nanoparticle concentration. Blocking temperature, 
reduced remnant magnetization, and coercivity do not vary with concentration, confirming that 
the nanoparticle properties are robust throughout the fabrication procedure. Two PNC filler 
materials were examined: magnetite and cobalt ferrite. These PNCs were incorporated into 
devices designed to operate on microwave and radio frequencies (RF). While they display 
different transmission characteristics, it is noted that both samples show direct dependence on 
externally applied magnetic field and the microwave or RF signal. The 80 wt-% composite of 
Fe3O4 in RP displays a peak shift in the resonance frequency of 57 MHz, while the resonance 
frequency peak shifts by 518 MHz for the 80 wt-% composite of CFO in RP. Both samples show 
vast improvement of quality factor with magnetic fields of less than 4.5 kOe. Overall, the results 
from these studies demonstrate the feasibility of incorporating PNCs containing 
superparamagnetic nanoparticles in to high performance RF and microwave devices. 
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Chapter 6: Multi-Walled Carbon Nanotubes Filled with Various Ferrite Nanoparticles 
As discussed in the Chapter 4, the most popular methods for making multi-walled carbon 
nanotubes (MWCNTs) often include the use of some type of metallic catalyst or seed, such as 
nickel or iron [1], which can lead to metallic impurities. Since we are studying the fundamental 
magnetic properties of these tubes, metallic impurities are unacceptable, so we use a catalyst-free 
chemical vapor deposition (CVD) synthesis method to create MWCNTs from ethylene gas 
flowed through porous alumina templates [2]. All MWCNTs shown in this chapter were made 
using porous alumina templates from the Whatman Company with a quoted pore-size of 200 nm. 
Transmission electron microscope (TEM) images reveal that the outer-diameter of the MWCNTs 
actually ranges from 350-500 nm in diameter. This suggests that while the pores on the surface 
may be 200 nm in diameter, that value is not held constant through the length of the alumina 
templates. MWCNTs are filled with magnetic nanoparticles (MNPs) via magnetically-assisted 
capillary action, as described in Chapter 4. 
This chapter displays the fundamental magnetic properties of MWCNTs filled with 
various ferrite MNPs of solid, core/shell, and hollow morphologies. 
6.1 Multi-Walled Carbon Nanotubes with Single-Phase Nanoparticle Fillers 
 Because there was very little understood about MNP-filled MWCNTs at the start of this 
thesis work, we determined that it would be wise to begin filling MWCNTs with well-
understood nanoparticle materials. Therefore, we begin by displaying results on the following 
single-phase MNP fillers: magnetite (Fe3O4), cobalt ferrite (CoFe2O4, CFO), and nickel ferrite 
(NiFe2O4, NFO). 
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6.1.1 Magnetite-Filled Multi-Walled Carbon Nanotubes 
 Magnetite is one of the longest-understood magnetic materials with magnetite MNPs 
being some of the best understood MNPs to date. As such, it is fitting that our study begins by 
filling MWCNTs with Fe3O4 (henceforth known as Fe3O4-CNT). 
Fe3O4 MNPs were synthesized by combining the following reagents in a round-bottomed 
flask: 2 mmol of iron (III) acetylacetonate (metallic precursor), 10 mmol of 1,2 hexadecanediol 
(reduction reagent), 6 mmol of oleic acid (surfactant), 6 mmol of oleylamine (surfactant), and 20 
mL of benzyl ether (solvent). The precursor solution was stirred with a magnetic stir bar in an 
argon-rich environment and heated to 200 °C to allow for the decomposition of the initial 
reagents and formation of the Fe3O4 seeds. After stirring at 200 °C for two hours, the sample was 
heated to 300 °C for two hours for reflux, nanoparticle growth, and crystallization [3]. 
 TEM images are presented for Fe3O4 MNPs and Fe3O4-CNTs with an inset showing size 
distribution for the MNPs. TEM images for Fe3O4 were analyzed with ImageJ software using 
automated counting [4]. Analysis of approximately 1000 MNPs, reveals an average size of 9 ± 2 
nm and uniform shape, as seen in Figure 6.1. Also shown in Figure 6.1 is a cluster of Fe3O4-
CNTs. Using the “measure arbitrary distance” function with the analySIS software, an average 
outer diameter of about 435 nm was found for the Fe3O4-CNTs.  
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Figure 6.1: TEM images of Fe3O4 (A) and Fe3O4-CNTs (B). Inset of (A) shows size distribution 
for Fe3O4 MNPs. 
A variety of DC and AC measurements were carried out in the physical property 
measurement system (PPMS) to thoroughly determine static and dynamic magnetic properties of 
the Fe3O4 nanoparticles and the Fe3O4-CNTs.  
Figure 6.2 shows an M(T) curve under zero-field cooled (ZFC) and field-cooled warming 
(FCW) protocols for the Fe3O4 MNPs and Fe3O4-CNTs. Measurements were taken with an 
externally applied magnetic field of 100 Oe over a temperature range of 10-300 K. The average 
blocking temperature (TB), as deduced from the peak of the ZFC curve, shifts from 72 K in the 
Fe3O4 sample to 104 K in the Fe3O4-CNT sample. It is interesting to note that the Tirr also shifts 
up by approximately 30 K in the Fe3O4-CNT sample. The close proximity of the Tirr to the 
average TB indicates narrow size distribution for the Fe3O4 MNPs, which was verified by TEM 
[5]. There is also a significant flattening out of the FCW curve in the Fe3O4-CNT sample. The 
higher TB along with flattening of the FCW curve indicate that the magnetic energy (KeffV) in the 
system dominates over the thermal energy (kBT) for a wider temperature range in the Fe3O4-CNT 
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sample [6]. This type of behavior for the ensemble of MNPs and nanostructures is indicative of 
stronger interparticle interactions in the Fe3O4-CNT sample than for the Fe3O4 MNPs [7].  
 
Figure 6.2: Magnetization vs. temperature for Fe3O4 and Fe3O4-CNT samples measured under 
an externally applied magnetic field of 100 Oe under the ZFC and FCW protocols. Blocking 
temperature and irreversibility temperature are highlighted. 
Magnetization vs. magnetic field (M(H)) curves were taken at 300 K and 10 K, as seen in 
Figure 6.3. M(H) curves at 300 K reveal that both systems retain superparamagnetic-like 
behavior at room temperature, as indicated by a lack of coercivity and remnant magnetization. 
One may also note that the hysteresis loop for the Fe3O4-CNT sample is slightly more curved 
than the Fe3O4 sample. This, again, is indicative of stronger interparticle interactions [8], as each 
nanoparticle is affecting its neighbors more strongly. The M(H) curves at 10 K display an 
opening up of the hysteresis curves to 196 Oe for the Fe3O4 sample and 251 Oe for the Fe3O4-
CNT sample. Maximum magnetization at 300 K was obtained for each sample at 5 T and found 
to be MMAX_Fe3O4 = 68.86 emu/g and MMAX_Fe3O4-CNT = 53.24 emu/g. Maximum magnetization at 
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10 K under the ZFC protocol was obtained at 5 T for Fe3O4 and Fe3O4-CNTs. Maximum 
magnetizations were found to be MMAX_Fe3O4 = 78.04 emu/g and MMAX_Fe3O4-CNT = 62.33 emu/g.  
 
Figure 6.3: Magnetization vs. magnetic field curves with inset of the origin for Fe3O4 and Fe3O4-
CNT samples at 300 K (A) and 10 K under the ZFC protocol. 
 Note that M(H) curves were also measured under the FC protocol with a cooling field of 
5T to probe possible exchange bias due to surface spin disorder. No shift of the hysteresis loops 
was observed. This indicates weak coupling between the core and the shell in these MNPs. 
 Although 300 K is well above TB and Tirr for Fe3O4, we still conducted Langevin function 
fittings to confirm superparamagnetic-like behavior of both samples at room temperature, as 
described in Chapter 2 [9]. For the Langevin function fit, the measurement temperature was fixed 
at 300 K and the bulk saturation magnetization of Fe3O4 was set to 92 emu/g [10]. The M(H) 
data used for the fittings came from the return to saturation on the final part of the hysteresis 
loop, in the first quadrant, as seen in Figure 6.4. Both samples display very good fits with an 
estimated size for the magnetic nanoparticles of 7.45 ± 2.09 nm from the M(H) of Fe3O4 and 
6.96 ± 2.10 nm from the M(H) of Fe3O4-CNT. It is common for Langevin function fittings to 
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underestimate the size of MNPs because there is often a surface spin disordered layer on 
superfine particles [11]. However, even taking the underestimation in to account, both of these 
size estimations are within the error obtained from the analysis of the TEM images. Return 
values for the saturation magnetization of each sample at room temperature are MS_Fe3O4 = 69.24 
emu/g and MS_Fe3O4-CNT = 54.65 emu/g, which are very close to the experimentally observed 
values. This confirms that our samples display superparamagnetic-like behavior at 300 K. 
 
Figure 6.4: Langevin function fittings for Fe3O4 (A) and Fe3O4-CNTs (B). 
Dynamic magnetic measurements were made using the AC measurement system 
(ACMS) option on the PPMS. AC susceptibility measurements were made by cooling each 
sample under the ZFC protocol and applying a small external AC magnetic field of 10 Oe 
oscillating at frequencies from 10 Hz-10 kHz and measuring data points while warming up. The 
real part of the AC susceptibility is shown for Fe3O4 in Figure 6.5A and for Fe3O4-CNTs in 
Figure 6.5B. Figure 6.5C shows Vogel-Fulcher peak fittings for both samples [5]. Néel-
Arrhenius and Vogel-Fulcher models were both examined and the values returned from fittings 
to the Néel-Arrhenius model were non-physical, so these systems were found to be weakly 
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interacting. According to the Vogel-Fulcher model, spin-flip relaxation time for Fe3O4 and 
Fe3O4-CNTs, respectively, is τ0 = 4.50x10-11 s and 2.10x10-13 s. Characteristic temperature is T0 
= 65 K for Fe3O4 and 119 K for Fe3O4-CNTs. The activation energy term for Fe3O4 is Ea/kB = 
596 K and increases to Ea/kB = 1365 K for Fe3O4-CNTs; these values correspond to effective 
anisotropy (Keff) values of 1.9x10
5 J/m3 and 4.4x105 J/m3.  
 
Figure 6.5: Real part of AC susceptibility for Fe3O4 MNPs (A) and Fe3O4-CNTs (B) with arrows 
guiding the eye through the peak shift; Vogel-Fulcher fittings for each sample (C). 
This increase in Keff of the nanoparticles when confined manifests itself as a rise in Ea for 
each sample. Along with an increase in T0 and a decrease in τ0, we can conclusively state that the 
interparticle interactions are stronger when Fe3O4 MNPs are confined within MWCNTs. We also 
note that both samples maintain room temperature superparamagnetic-like behavior.  
Results from fittings and magnetic measurements are summarized in Table 6.3 at the end 
of this chapter. 
6.1.2 Cobalt Ferrite-Filled Carbon Nanotubes 
 After studying confinement effects of Fe3O4, a soft magnetic material, in MWCNTs, we 
became interested in studying confinement effects of a hard magnetic material filler, which 
would be a logical next step. We chose CFO as the next filler material because of its hard 
magnetic properties [12] and because it can be synthesized by thermal decomposition in a similar 
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way to Fe3O4 [3], therefore, allowing us to reduce the number of unknown parameters as much 
as possible. This section compares properties of surfactant-coated CFO MNPs to CFO-filled 
MWCNTs (henceforth referred to as CFO-CNTs). 
 CFO MNPs were synthesized by combining the following reagents in a round-bottomed 
flask: 2 mmol of iron (III) acetylacetonate (metallic precursor), 1 mmol of cobalt (II) 
acetylacetonate (metallic precursor), 10 mmol of 1,2 hexadecanediol (reduction reagent), 6 mmol 
of oleic acid (surfactant), 6 mmol of oleylamine (surfactant) and 20 mL of benzyl ether (solvent). 
The precursor solution was stirred with a magnetic stir bar in an argon-rich environment and 
heated to 200 °C to allow for the decomposition of the initial reagents and formation of the CFO 
seeds. After stirring at 200 °C for two hours, the sample was heated to 300 °C for one hour for 
reflux, nanoparticle growth, and crystallization.  
Figure 6.6 shows TEM images of an un-filled, open-ended, MWCNT (A), well-separated 
CFO nanoparticles (B) and a fragment of a CFO-CNT. TEM results for CFO MNPs were 
analyzed using ImageJ software [4]. Analysis of over 10,000 MNPs reveal an average size of 7 ± 
2 nm. CNTs were analyzed using the analySIS software. The average diameter of the empty and 
filled MWCNTs is 348 nm.  
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Figure 6.6: Transmission electron microscope image of open-ended multi-walled carbon 
nanotube (A), surfactant-coated cobalt ferrite nanoparticles (B) and cobalt ferrite-filled carbon 
nanotube (C). 
The same DC and AC measurements were carried out in the PPMS to thoroughly 
determine static and dynamic magnetic properties of the CFO nanoparticles and the CFO-CNTs 
so that experiments could be appropriately compared. Figures 6.7 and 6.8 show standard DC 
magnetic measurements.  
Figure 6.7 shows an M(T) curve under ZFC and FCW for the CFO MNPs and CFO-
CNTs. Measurements were taken with an externally applied magnetic field of 200 Oe over a 
temperature range of 10-300 K. Immediately, one notices that the average TB for CFO is much 
higher than for Fe3O4. This is because CFO is a hard magnetic material. As introduced in 
Chapter 2, the TB is directly proportional to the Keff and CFO has a much higher Keff than Fe3O4, 
hence, displays a higher TB [10]. The average TB, as deduced from the peak of the ZFC curve, 
shifts from 224 K in the CFO sample to 264 K in the CFO-CNT sample. It is interesting to note 
that the Tirr also shifts up by ~40 K in the CFO-CNT sample. The close proximity of the Tirr to 
the average TB indicates a narrow size distribution for the CFO MNPs, which was verified on 
TEM. There is also a flattening out of the FCW curve in the CFO-CNT sample. The higher TB 
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along with flattening of the FCW curve indicate that the magnetic energy (KeffV) in the system 
dominates over the thermal energy (kBT) for a wider temperature range in the CFO-CNT sample 
[6, 13]. This type of behavior for the ensemble of MNPs and nanostructures is indicative of 
stronger interparticle interactions in the CFO-CNT sample [7].  
 
Figure 6.7: Magnetization vs. temperature for cobalt ferrite and cobalt ferrite-filled multi-walled 
carbon nanotubes under the zero-field cooled and field-cooled warming protocols. Important 
features are highlighted. 
The M(H) curves at 300 K reveal that both systems retain superparamagnetic-like 
behavior at room temperature, as indicated by a lack of coercivity and remnant magnetization. 
One may also note that the hysteresis loop for the CFO-CNT sample is slightly more curved than 
for the CFO sample. This, again, is indicative of stronger interparticle interactions [8]. The M(H) 
curves at 10 K display an opening up of the hysteresis curves to 21 kOe for the CFO sample and 
18.7 kOe for the CFO-CNT sample. Maximum magnetization at 300 K was obtained for each 
sample at 5 T and found to be MMAX_CFO = 37.45 emu/g and MMAX_CFO-CNT = 37.11 emu/g. 
Maximum magnetization at 10 K under the ZFC protocol was obtained at 5 T for CFO and 6 T 
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for CFO-CNT. Maximum magnetizations were found to be MMAX_CFO = 40.39 emu/g and 
MMAX_CFO-CNT  = 42.3 emu/g. 
 
Figure 6.8: Magnetization vs. magnetic field taken at 300 K (A) and at 10 K under the zero-field 
cooled protocol (B). Inset of (A) shows close up of the origin highlighting lack of coercivity and 
remnant magnetization. 
We conducted Langevin function fittings to confirm superparamagnetic-behavior of both 
samples at room temperature [9]. For the Langevin function fit (Figure 6.9), the measurement 
temperature was fixed to 300 K and the bulk saturation magnetization of CFO was set to 80 
emu/g [10]. Both samples display excellent fits with an estimated size for the magnetic 
nanoparticles of 6.49 ± 2.38 nm from the M(H) of CFO and 5.81 ± 2.77 nm from the M(H) of 
CFO-CNT. Both of these size estimations are within the error obtained from the analysis of the 
TEM images. Return values for the saturation magnetization of each sample at room temperature 
are MS_CFO = 34.45 emu/g and MS_CFO-CNT = 38.97 emu/g, which are close to the experimentally 
observed values. 
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Figure 6.9: Langevin function fittings for CFO (A) and CFO-CNT (B) samples compared with 
data taken from the first quadrant of the magnetization vs. magnetic field curves at 300 K. 
Dynamic magnetic measurements were made using the ACMS option on the PPMS. AC 
susceptibility measurements were made by cooling each sample under the ZFC protocol and 
applying a small external AC magnetic field of 10 Oe oscillating at frequencies from 10 Hz-5000 
Hz while warming up. The real part of the AC susceptibility is shown for CFO in Figure 6.10A 
and for CFO-CNTs in Figure 6.10B. Figure 6.10C shows Vogel-Fulcher peak fittings for both 
samples. Néel-Arrhenius and Vogel-Fulcher models were examined and these systems were 
found to be weakly interacting, since the values returned from fitting to the Néel-Arrhenius 
model were non-physical [7]. According to the Vogel-Fulcher model, τ0 for CFO and CFO-CNTs 
respectively is 9.01x10-11 s and 1.39x10-11 s. T0 is 202 K for CFO and 244 K for CFO-CNTs. 
Ea/kB for CFO is 1090 K and increases to 1242 K for CFO-CNTs; these values correspond to Keff 
values of 9.2x105 J/m3 and 10.4x105 J/m3.  
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Figure 6.10: The real part of AC magnetic susceptibility vs. temperature for frequencies ranging 
from 10 Hz to 5000 Hz for CFO (A) and for CFO-CNTs (B); Vogel-Fulcher fit of CFO and CFO-
CNTs. 
 Increases in Ea and T0 for each sample, along with the slight decrease in τ0, conclusively 
points toward increased interparticle interactions in the CFO-CNTs opposed to the CFO MNPs 
and both samples maintain room temperature superparamagnetic-like behavior.  
Although the values are different, the pattern observed in the Fe3O4-based system is 
observed in the CFO-based system, as well. Results from fittings and magnetic measurements 
are summarized in Table 6.3 at the end of this chapter. 
6.1.3 Nickel Ferrite-Filled Carbon Nanotubes 
After discovering that CFO-filled MWCNTs followed a similar trend as the Fe3O4-filled 
MWCNTs, it was important to determine if this is a trend with other types of ferrite materials. 
Nickel ferrite (NFO) was chosen as the next filler material due to interesting effects of surface 
spin disorder and spin freezing in ultrafine particles [11, 14-15].  
NFO MNPs were synthesized by combining the following reagents in a round-bottomed 
flask: 2 mmol of iron (III) acetylacetonate (metallic precursor), 1 mmol of nickel (II) 
acetylacetonate (metallic precursor), 10 mmol of 1,2 hexadecanediol (reduction reagent), 6 mmol 
of oleic acid (surfactant), 6 mmol of oleylamine (surfactant) and 20 mL of benzyl ether (solvent). 
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The precursor solution was stirred with a magnetic stir bar in an argon-rich environment and 
heated to 200 °C to allow for the decomposition of the initial reagents and formation of the NFO 
seeds. After stirring at 200 °C for two hours, the sample was heated to 300 °C for one hour for 
reflux, nanoparticle growth, and crystallization [3]. 
Figure 6.11 shows TEM images of NFO and an NFO-filled CNT (henceforth called 
NFO-CNT) with narrow size distribution and nice filling. Using ImageJ software [4], NFO 
MNPs were found to have an average diameter of 6 ± 1 nm. Using analySIS software, NFO-
CNTs were found to have an average diameter of 330 ± 95 nm. 
 
Figure 6.11: Transmission electron microscope image of surfactant-coated nickel ferrite 
nanoparticles (A) and nickel ferrite-filled CNT (B). 
To ensure experiment uniformity, the same magnetic measurements were conducted on 
the NFO and NFO-CNT as for the previously discussed samples. Figure 6.12 shows the M(T) 
under ZFC and FCW protocols with H = 100 Oe. The average TB, taken from the peak of the 
ZFC curve, is 38 K for NFO MNPs and 71 K for NFO-CNTs. In the NFO sample, note that the 
ZFC peak is narrow, with Tirr very close to the peak. This indicates that a very narrow size 
distribution was achieved for the NFO MNPs. In the case of the NFO-CNTs, Tirr is very close to 
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the ZFC peak, however, there is a much larger broadening than seen in previous samples. This is 
due to increased dipolar interactions of the MNPs confined within the MWCNTs [8].  
 
Figure 6.12: Magnetization vs. temperature for NFO and NFO-CNTs under the ZFC and FCW 
protocols. Average blocking temperature and irreversibility temperature are indicated for both 
samples. 
M(H) at 300 K and 10 K under the ZFC protocol are presented in Figure 6.13. In a 
similar manner to the previous two sample sets, the M(H) curves at 300 K reveal that both 
systems retain superparamagnetic-like behavior at room temperature, as indicated by a lack of 
coercivity and remnant magnetization. Again, one may also note that the hysteresis loop for the 
NFO-CNT sample is slightly more curved than the NFO sample. The M(H) curves at 10 K 
display an opening up of the hysteresis curves to 138 Oe for the NFO sample and 125 Oe for the 
NFO-CNT sample. Because of a surface spin disordered shell layer observed by other groups in 
NFO MNPs [14-15], M(H) curves were measured under a field-cooled (FC) protocol as well, 
however no measurable exchange bias effect was observed for either sample in cooling fields of 
up to 3 T. Maximum magnetization at 300 K was obtained for each sample at 5 T and found to 
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be MMAX_NFO = 37.4 emu/g and MMAX_NFO-CNT = 63.7 emu/g. Maximum magnetization at 10 K 
under the zero-field cooled protocol was obtained at 5 T for NFO and NFO-CNTs. Maximum 
magnetizations were found to be MMAX_NFO = 42.5 emu/g and MMAX_NFO-CNT = 74.2 emu/g. 
 
Figure 6.13: Magnetization vs. magnetic field for NFO and NFO-CNT samples taken at 300 K 
(A) and at 10 K under the ZFC protocol (B). Inset of (A) shows lack of coercivity and remnant 
magnetization at 300 K while inset of (B) shows opening up of the hysteresis curves at 10 K. 
We also conducted Langevin function fittings [9] to confirm superparamagnetic-behavior 
of both samples at room temperature, shown in Figure 6.14. For the Langevin function fit, the 
measurement temperature was fixed at 300 K and the bulk saturation magnetization of NFO was 
set to 50 emu/g [10]. Both samples show very good fits with an estimated size for the magnetic 
nanoparticles of 9.42 ± 1.97 nm from the M(H) of NFO and 8.89 ± 2.40 nm from the M(H) of 
NFO-CNT. In the case of this Langevin fit, the average size of the nanoclusters is overestimated, 
however the values are still within the error obtained from the ImageJ analysis of the TEM 
images. It is possible that dipolar interactions are stronger in this sample than the previous two 
that were discussed [14]. Return values for the saturation magnetization of each sample at room 
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temperature are MS_NFO = 37.30 emu/g and MS_NFO-CNT = 64.12 emu/g, which are close to the 
experimentally observed values. 
 
Figure 6.14: Langevin function fittings for NFO (A) and NFO-CNT (B) samples compared with 
data taken from the first quadrant of the magnetization vs. magnetic field curves at 300 K. 
AC susceptibility measurements were made using the ACMS option on the PPMS by 
cooling each sample under the ZFC protocol and applying a small external AC magnetic field of 
10 Oe oscillating at frequencies from 100 Hz-5000 Hz while warming up. The real part of the 
AC susceptibility is shown for NFO in Figure 6.15A and for NFO-CNTs in Figure 6.15B. Figure 
6.15C shows Vogel-Fulcher peak fittings for both samples. Néel-Arrhenius and Vogel-Fulcher 
models were examined, and these systems were found to be weakly interacting, since the values 
returned from fitting to the Néel-Arrhenius model were non-physical for this sample, as well [2]. 
According to the Vogel-Fulcher model, spin-flip relaxation time for NFO and NFO-CNTs 
respectively is τ0 = 7.28x10-12 s and 5.00x10-11 s. T0 = 30 K for NFO and T0 = 70.5 K for NFO-
CNTs. The activation energy term for NFO is Ea/kB = 622 K and increases to Ea/kB = 630 K for 
NFO-CNTs; these values correspond to Keff values of 7.1x10
5 J/m3 and 7.2x105 J/m3. 
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Figure 6.15: The real part of magnetic susceptibility vs temperature for a variety of different 
frequencies for nickel ferrite (A) and nickel ferrite-filled CNTs (B); Vogel-Fulcher fit of nickel 
ferrite and nickel ferrite-filled CNTs. 
Although the values for the NFO-based system are different from the previous two 
sample sets, the pattern observed in the Fe3O4-based and the CFO-based systems is seen in the 
NFO-based system, as well. Results from fittings and magnetic measurements are summarized in 
Tables 6.1-6.3 at the end of this chapter. 
6.2 Multi-Walled Carbon Nanotubes with Multi-Phase and Exotic Nanoparticle Fillers 
Magnetic nanoparticles exhibiting a core-shell (C/S) morphology have been studied quite 
heavily in recent years due to their interesting properties related to interfacial exchange 
anisotropy, or exchange bias (EB) [11]. Exchange bias was first discovered by Meiklejohn and 
Bean in 1956 [16] and manifests itself in materials as a shift in the hysteresis loop; the study of 
EB has increased in popularity over the past several years [11]. In the case of Meiklejohn and 
Bean, EB manifested itself in nanoparticles of a C/S morphology with a ferromagnetic core and 
an antiferromagnetic shell (cobalt/cobalt oxide), so this became the typical format for fabricating 
EB materials in years to follow, however, recently, it has been found that EB is more robust than 
previously believed, as evidenced by presenting itself in NiFe2O4 MNPs, manganite fine 
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particles, and Li4Mn5O12 nanosticks [17-19], among other materials. It has now been determined 
that EB can exist in materials with a variety of different interfaces [11].  
The prospect of working with C/S nanoparticles provides an interesting aspect to the 
potential scope of this project. C/S nanoparticles provide us with the opportunity to study a 
magnetic system with two distinct phases, opposed to the single-phased ferrite materials 
discussed previously. It has been found that since the core and the shell are composed of two 
different materials, their responses to differing magnetic fields and temperatures can provide a 
compounded effect and EB may be observed. This is because of the different effective 
anisotropy, lattice strain, number of uncompensated spins, etc. for the core and shell materials 
[20]. Additionally, exotic MNP structures, like hollow iron oxide MNPs exhibit EB, so they 
would also prove interesting [21]. 
6.2.1 Core/Shell Iron/Iron Oxide-Filled Carbon Nanotubes, Set 1 
The first exotic MNP filler I used in this study was the super-spin-glass C/S iron-iron 
oxide MNPs (C/S1, Fe/γ-Fe2O3) confined within MWCNTs (C/S1-CNT). This MNP system is 
exchange coupled due to its ferromagnetic iron core and ferrimagnetic maghemite shell; this 
system has been well-studied by our group [20, 22]. 
Fe/γ-Fe2O3 MNPs were made via thermal decomposition using a method described here 
[22]. Briefly, 10 mL of 1-octadecene (solvent) and 0.6 mL of oleylamine (surfactant) were 
combined in a round-bottomed flask and stirred with a magnetic stir bar. A 5% hydrogen, argon-
balanced gas (reduction reagent) was flowed at 0.8 SCFM and the flask was heated to 140 °C 
and kept there to remove moisture from the system. After 2 hours, the system was heated to 220 
°C, where the gas flow was reduced to 0.3 SCFM, and 0.4 mL of iron pentacarbonyl was injected 
directly in to the solution. An immediate reaction took place upon injection of the iron 
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pentacarbonyl, where iron MNPs are formed. The system was then allowed to stir in reflux for 
20 minutes to allow MNPs to grow and become more crystalline; this is also when the γ-Fe2O3 
shell began to form. After reflux, the system was cooled to room temperature and the solution 
was centrifuged in ethanol to remove any undesired chemical waste. Finally, the C/S Fe/γ-Fe2O3 
MNPs were stored in hexane until they were ready to use. MWCNTs were synthesized and filled 
by the method described in Chapter 4. C/S1-CNTs were released from the alumina template 
using a sodium hydroxide solution of 7 M and stirred overnight. 
 
Figure 6.16: Cartoon of the Kirkendall effect showing how a MNP goes from a core-shell to 
core-void-shell, and finally to a hollow morphology. 
 TEM images reveal C/S1 MNPs, as indicated by the diffraction contrast from different 
crystalline structures of the iron core and the maghemite shell. C/S1 MNPs were found to be 11 
± 2 nm in diameter. C/S MNPs must be examined within a few days of synthesis because of the 
Kirdendall effect [23-24]. The Kirkendall effect is a process by which oxygen diffuses through 
the shell layer of C/S MNPs, as seen in the cartoon in Figure 6.16. Initially, voids form between 
the core and shell layers. These eventually grow until there is a core-void-shell morphology [22]. 
As the core size decreases and the void layer increases, and the outer shell layer thickness also 
increases. C/S MNPs like the ones described here generally remain stable in a core-void-shell 
morphology, never becoming hollow naturally for MNPs that are approximately 10 nm and 
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larger [22]. To make the core-void-shell MNPs hollow, they must be annealed in oxygen gas, as 
will be described in the next section. 
 When examining C/S1-CNTs, the MNPs no longer appeared to be of a C/S morphology, 
but a mixture of C/S, hollow, and degraded superfine particles (Figure 6.17B,C). This was 
determined to be from prolonged exposure to a high molarity sodium hydroxide solution. Basic 
solutions have the ability to break down iron oxide materials, but, in addition, it appears that the 
Kirkendall effect was also sped up in this system through sodium hydroxide exposure.  
 
Figure 6.17: Transmission electron microscope image of surfactant-coated C/S1, Fe/γ-Fe2O3 
MNPs with inset showing size distribution (A) and C/S1-filled CNTs (B,C); (C) shows a close-up 
of artificially hollowed and broken down C/S1 MNPs inside of CNTs. 
Standard DC magnetic measurements were carried out to see what effects could be seen 
from the artificially hollowed and broken down C/S1 MNPs in the MWCNTs. M(T) 
measurements were made under the ZFC and FCW protocols under and externally applied 
magnetic field of 50 Oe over a temperature range of 10-320 K for the C/S1 MNPs and the C/S1-
CNTs. As seen in Figure 6.18, relevant features, such as TB and Tirr, are observed, but instead of 
the usual shift to higher temperatures, they are shifted to lower temperatures. This is because as 
the nanoparticles underwent the Kirkendall effect while in the MWCNTs, the iron cores were 
completely dissolved, leaving behind superfine mixed phase iron oxide MNPs. This led not only 
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to a downward shift in TB and Tirr, but also led to a sharper ZFC peak and steeply decreasing 
slope in the FCW curve, indicating lower interparticle interactions in this case because of the 
decreased particle size and the lack of a multi-phase system. Average TB for C/S1 MNPs is 94 K 
and 35 K for C/S1-CNTs. 
 
Figure 6.18: Normalized magnetization vs. temperature for C/S1 MNPs and C/S1-CNTs under 
ZFC and FCW protocols with blocking and irreversibility temperatures highlighted. 
 M(H) measurements were taken at 300 K and 10 K. Measurements at 10 K were taken 
under the ZFC and FC protocols. Figure 6.19 shows M(H) curves for both samples. M(H) curves 
at 300 K reveal lack of coercivity and remanence, but with a slight up-turn in the C/S1 sample 
and a strong paramagnetic contribution from the MWCNTs in the C/S1-CNT sample, we cannot 
state that they are completely superparamagnetic-like. At 10 K, under the ZFC protocol, 
hysteresis curves open to 1002 Oe for the C/S1 MNPs and to 235 Oe for C/S1-CNTs. The M(H) 
curves at 10 K measured under the FC protocol were made after cooling in an externally applied 
magnetic field of 5 T, to induce EB. The EB effect was observed in both samples, with a stronger 
effect seen in the C/S1 MNPs. C/S1-CNTs experienced an increase in hysteresis to 265 Oe with 
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a shift to the left of 23 Oe. C/S1 MNPs experienced an increase in hysteresis to 1405 Oe with a 
shift to the left of 405 Oe and a shift up of 10%. 
 
Figure 6.19: Normalized magnetization vs. magnetic field taken at 300 K (A), 10 K under the 
ZFC protocol (B), and 10 K under a cooling field of 5 T (C). Insets of the origin are shown for 
all curves. 
 Because it was apparent from TEM along with standard DC magnetic measurements that 
interparticle interactions decreased due to the artificial hollowing/breaking down of the C/S1 
MNPs, dynamic measurements were not necessary for this sample set. Table 6.1 has results from 
DC measurements for this sample compared to others sample sets expressed in this chapter. 
6.2.2 Hollow Iron Oxide-Filled Carbon Nanotubes 
 After discovering that the Kirkendall effect in C/S MNPs was enhanced after exposure to 
a strong sodium hydroxide solution, the next step was to determine what effect the sodium 
hydroxide would have on MNPs that were already hollow. Additionally, hollow MNPs are of 
great interest currently due to exchange coupling from inner and outer surface spin layers [21]. 
 Synthesis of hollow iron oxide MNPs (henceforth called Hollow) was carried out with 
C/S MNPs as the seed material [23]. The C/S MNPs suspended in hexane were put in to a round-
bottomed flask in the presence of 10 mL of 1-octadecene. Oxygen gas was flowed between 0 and 
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0.1 SCFM while heating to 180 °C. After 90 minutes, heat was removed. Once back to room 
temperature, the hollow MNPs were washed via centrifugation in the presence of ethanol, and 
finally stored in hexane until ready for use. Because these MNPs are already hollow, they have 
much longer stability than C/S iron/iron oxide samples. MWCNTs were filled using the same 
method previously described in this thesis and Hollow MNP- filled MWCNTs (henceforth 
referred to as Hollow-CNTs) were dissolved using a 7 M sodium hydroxide solution and stirred 
overnight to compare results to the previous sample set. 
 Figure 6.20A shows TEM images confirming that MNPs are hollow, as determined by 
mass-thickness contrast. Figures 6.20B and 6.20C show Hollow-CNTs. ImageJ analysis reveals 
that the hollow MNPs are larger than the C/S seeds and have a wider side-distribution, as 
expected based on the Kirkendall effect [22-23]. Hollow MNP size is 13 ± 3 nm. TEM images of 
Hollow-CNTs show a mixture of intact and broken down hollow MNPs inside of the MWCNTs. 
For this reason, we can conclusively state that such strong sodium hydroxide solutions will break 
down multi-phase MNPs with oleylamine surfactant coatings.  
 
Figure 6.20: TEM images of hollow MNPs with inset of size distribution (A), and Hollow-CNT 
samples (B,C) with (C) showing close-up of intact and broken down MNPs inside of the 
MWCNTs. 
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 Standard DC magnetometry measurements were carried out using the VSM option on the 
PPMS. M(T) measurements were made for hollow MNPs and Hollow-CNTs under the ZFC and 
FCW protocols with an externally applied magnetic field of 50 Oe over a temperature range of 
10-350 K (Figure 6.21). Hollow MNPs display an extremely broad ZFC curve with ZFC and 
FCW curves meeting at Tirr very close to the maximum measured temperature. This behavior is 
typical of hollow iron oxide MNPs [25-26]. Because of the breadth of the ZFC curve, the 
average TB was found to be approximately 173 Oe using a Gaussian-amplitude peak fit in 
OriginPro 8.5. The ZFC and FCW curves for the Hollow-CNT system looks very similar to the 
C/S1-CNT curve set, with a decrease in TB to approximately 50 K.  
 
Figure 6.21: Normalized magnetization vs. temperature under ZFC and FCW protocols showing 
average blocking temperature for both samples and irreversibility for hollow MNPs. 
 M(H) measurements were taken at 300 K and 10 K for the hollow sample set, as well. 
Measurements at 10 K were taken under the ZFC and FC protocols. Figure 6.22 shows M(H) 
curves for both samples. M(H) curves at 300 K reveal lack of coercivity and remanence, but with 
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a significant paramagnetic contribution from the hollow MNPs and from the Hollow-CNT 
sample. Therefore, these samples are not superparamagnetic-like. At 10 K, under the ZFC 
protocol, hysteresis curves open to 836 Oe for the hollow MNPs, already with an EB shift to the 
left of 30 Oe; hysteresis opens up to 297 Oe for the Hollow-CNTs with no EB shift. The M(H) 
curves at 10 K measured under the FC protocol were made after cooling in an externally applied 
magnetic field of 5 T to induce EB. The EB effect was strongly observed in both samples, with a 
larger effect seen in the hollow MNPs. Hollow-CNTs experienced an increase in hysteresis to 
374 Oe with a shift to the left of 115 Oe and a shift up of 2%. Hollow MNPs experienced an 
increase in hysteresis to 3236 Oe with a shift to the left of 219 Oe and a shift up of 35% [11, 27]. 
It is important to note that the hysteresis loops do not completely close. This is called the minor 
loop effect and happens when a sample is not able to saturate under the maximum applied 
magnetic field. The minor loop effect arises because of a large magnetic anisotropy that exists in 
these hollow samples [11]. 
 
Figure 6.22: Normalized magnetization vs. magnetic field curves at 300 K (A), 10 K under the 
ZFC protocol (B), and 10 K with a cooling field of 5 T (C). All samples show inset of the 
zoomed-in origin. 
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TEM along with standard DC magnetic measurements make it clear that a similar MNP 
breakdown effect happened with the Hollow-CNT sample as previously observed with the C/S1-
CNT sample, indicating that this result was not unique to the C/S1-CNT sample, but rather a 
systematic effect. Because of the MNP breakdown, it is clear to see that interparticle interactions 
decreased. As such, dynamic measurements were not necessary for this sample set. Table 6.1 has 
results from DC measurements for this sample compared to others sample sets expressed in this 
chapter.  
6.2.3 Core/Shell Iron/Iron Oxide-Filled Carbon Nanotubes, Set 2 
 Since it was identified that the C/S1 sample degraded in MWCNTs due to a 7 M sodium 
hydroxide solution, a logical next step is to present results from a C/S Fe/γ-Fe2O3-CNT sample 
where a different dissolving protocol was utilized.  
 C/S MNPs were made in using the same thermal decomposition method described in 
section 6.2.1 [22] (this sample to be called C/S2). After MWCNTs were filled, they were 
dissolved in a strong sodium hydroxide solution, but for a period of 1 hour, instead of overnight. 
 TEM images shown in Figure 6.23A reveal that the MNPs are of a core/shell 
morphology, based on the diffraction contrast. Figure 6.23B shows large bundles of partially-
filled MWCNTs (henceforth referred to as C/S2-CNTs). Some MNP degradation was observed, 
but overall, the filling was improved and the MNPs remained more intact than with the sample 
discussed in section 6.2.1. ImageJ analysis revealed C/S2 MNPs to have an average diameter of 
10 ± 1 nm [4]. 
115 
 
 
Figure 6.23: TEM images of C/S2 sample with inset of size distribution (A); TEM image of the 
C/S2-CNT sample with inset showing filled-CNT with mild C/S2 degradation. 
DC and AC magnetometry were carried out on C/S2 and C/S2-CNT samples. Figure 6.24 
shows the M(T) under ZFC and FCW protocols with H = 50 Oe from 10 K to 300 K. The 
average TB, taken from the peak of the ZFC curve, is 122 K for C/S2 MNPs and 178 K for C/S2-
CNTs. Both samples display irreversibility of the curves in the temperature range measured. 
Note that both peaks are quite broad, despite a narrow size distribution. This, along with a 
flattening of the FCW curves, is due to strong dipolar interactions in both samples, with stronger 
interactions (broader curves) in the C/S2-CNT sample [2, 8].  
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Figure 6.24: Magnetization vs. temperature for C/S2 MNPs and C/S2-CNTs with average 
blocking temperature and irreversibility temperatures highlighted. 
 M(H) curves measured at 300 K and 10 K under the ZFC protocol are shown in Figure 
6.25. Note that an M(H) curve was taken at 10 K after field-cooling, but no EB was observed. 
This is due to the shell of this sample being Fe3O4 instead of γ-Fe2O3. Although both forms of 
iron oxide are cubic spinel, the lack of Fe2+ ions on the octahedral sites leads to EB in γ-Fe2O3 
and not in Fe3O4 [11]. The M(H) curves reveal lack of coercivity and remanence at room 
temperature, along with a saturation-like feature, indicating superparamagnetic-like behavior for 
the C/S2 MNPs and C/S2-CNTs. Maximum magnetization at 300 K for each sample is MMAX_C/S2 
= 6.92 emu/g and MMAX_C/S2-CNT = 11.09 emu/g. At both temperatures, the C/S2-CNT sample 
shows more rounded curves than the C/S2 MNPs. At 10 K, the hysteresis curves open up to 236 
Oe for the C/S2 MNPs and 200 for C/S2-CNTs. Maximum magnetization at 10 K with a 
maximum externally applied magnetic field of 5 T for C/S2 and C/S2-CNTs was found to be 
MMAX_C/S2 = 8.27 emu/g and MMAX_C/S2-CNT = 14.04 emu/g. 
117 
 
 
Figure 6.25: Magnetization vs magnetic field at 300 K (A) and 10 K under the ZFC protocol (B) 
for C/S2 MNPs and C/S2-CNTs. Insets show the origin at both temperatures to show lack of 
coercivity and remanence at 300 K and opening up of hysteresis loop at 10 K. 
 Dynamic measurements were taken using the ACMS probe by cooling each sample under 
the ZFC protocol and taking data while warming up from 50-250 K and from 150-350 K for 
C/S2 and C/S2-CNTs, respectively. At each temperature, data points were recorded at 
frequencies of 50 Hz-10 kHz. Results for the real part of AC susceptibility measurements are 
presented in Figure 6.26A and 6.26B, with Vogel-Fulcher fittings displayed in Figure 6.26C. As 
with the samples of MWCNTs filled with single-phase MNPs, this sample set was also fit to the 
Néel-Arrhenius model with non-physical return values, therefore this system was found to be 
weakly interacting [7]. According to the Vogel-Fulcher model, spin-flip relaxation time for C/S2 
and C/S2-CNTs respectively is τ0 = 1.18x10-10 s and τ0 = 4.81x10-10 s. Characteristic temperature 
is T0 = 126 K for C/S2 MNPs and T0 = 165 K for C/S2-CNTs. The activation energy term for 
C/S2 is Ea/kB = 883 K and increases to Ea/kB = 1374 K for C/S2-CNTs. 
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Figure 6.26: Real part of AC susceptibility for C/S2 MNPs (A) and C/S2-CNTs (B); Vogel-
Fulcher fittings for both samples (C). 
 Although EB was not observed for this exchange coupled system, the C/S2 MNPs display 
the largest increase in average TB, along with enhancements in dynamic parameters, as well. This 
validates the concept of exchange-coupled C/S MNPs displaying improved results over their 
single-phase counterparts, and shows promise for future work in this direction. 
6.3 Summary 
 This chapter conclusively establishes a pattern of enhanced interparticle interactions 
when MNPs are confined within MWCNTs. We found that single-phase and multi-phase MNPs 
yield results that follow a very similar pattern, therefore, we have determined that this is an 
inherent property of MNPs encapsulated within MWCNTs. 
 As a side study, we observed that the Kirkendall effect may be encouraged not only 
through annealing C/S MNPs, but alternatively by prolonged exposure to strong sodium 
hydroxide solutions. From that study, we note that the magnetic measurements and TEM results 
corroborate one another, especially via the blocking peak of the M(T) curve. 
 Finally, we present a summary of results in a series of tables for DC magnetic 
measurements, results from the Langevin function fittings, and results from the Vogel-Fulcher 
fittings. 
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Table 6.1: This table provides a summary of major parameters from DC magnetic measurements 
compared with MS as obtained from the Langevin function fittings. 
Sample TB (K) 
MMAX 300K 
(emu/g) 
MMAX 10K ZFC 
(emu/g) HC (ZFC) (Oe) HC (FC) (Oe) 
MS Langevin 
(emu/g) 
CFO 224 37.45 40.39 20709  -- 34.45 
CFO-CNT 264 37.11 42.3 18713  -- 38.97 
NFO 38 37.4 42.5 138  -- 37.30 
NFO-CNT 70.9 63.73 74.21 125  -- 64.12 
Fe3O4 72 68.86 78.04 196  -- 69.24 
Fe3O4-CNT 104 53.24 62.33 251  -- 54.65 
C/S1 94  --  -- 1002 1405 (-405 shift) -- 
C/S1-CNT 35  --  -- 236 265 (-23 shift) -- 
Hollow 
173 0.56 0.78 
836 (-30 Oe 
shift) 3236 (-219 shift) 
-- 
Hollow-CNT 50 1.47 2.49 297 374 (-115 shift) -- 
C/S2 122 6.92 8.27 236  -- -- 
C/S2-CNT 178 11.09 14.04 200  -- -- 
 
Table 6.2: This table provides a summary of the ImageJ nanoparticle size results compared to 
results from the Langevin function fittings for each nanoparticle sample and their nanoparticle-
filled MWCNT counterparts. 
Sample D ImageJ (nm) σ ImageJ (nm) D Langevin (nm) σ Langevin (nm) 
CFO 6.78 1.62 6.49 2.38 
CFO-CNT 6.78 1.62 5.81 2.77 
NFO 6.12 1.32 9.43 1.97 
NFO-CNT 6.12 1.32 8.89 2.40 
Fe3O4 9.37 1.93 7.46 2.09 
Fe3O4-CNT 9.37 1.93 6.96 2.10 
 
Table 6.3: This table provides a summary of the results for relaxation time, characteristic 
temperature, blocking temperature, and coercivity for each nanoparticle sample and their 
nanoparticle-filled MWCNT counterparts. 
Sample τ0 (s) T* (K) Ea/kB (K) Keff (J/m3) 
CFO 9.01 x10-11 201.566 1090 9.21 x105 
CFO-CNT 1.39 x10-11 244 1242 10.5 x105 
NFO 7.28x10-12 30 622 7.1x105 
NFO-CNT 5.00x10-11 70.5 630 7.2x105 
Fe3O4 4.50 x10-11 65 596 1.91 x105 
Fe3O4-CNT 2.10 x10-13 119 1365 4.37 x105 
C/S2 1.18 x10-10 125.9980633 883 -- 
C/S2-CNT 4.81 x10-10 164.7350867 1374 -- 
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Chapter 7: Nanoparticle-Filled Multi-Walled Carbon Nanotubes of Varying Diameters 
Note to Reader 
 Portions of this chapter have been previously published in a peer-reviewed journal 
article (K. Stojak Repa, D. Israel, J. Alonso, M.H. Phan, H. Srikanth, E.M. Palmero, M. 
Vazquez, J. Appl. Phys. 2015 117, 17C723) and have been reproduced with permission from the 
publisher. 
All work from Chapter 6 with magnetic nanoparticle (MNP)-filled multi-walled carbon 
nanotubes (MWCNTs) was completed using commercial templates from Whatman Company. 
The pore size was quoted as 200 nm, however, measurements revealed that the MWCNT 
diameter ranges from 250-500 nm and is very non-uniform. In order to conduct a more thorough 
study, sample uniformity is crucial, therefore, our collaborators in the group of Professor 
Vázquez at the Instituto de Ciencias de Materiales de Madrid made custom alumina templates. 
Custom templates were fabricated to have controlled pore sizes of 40 nm, 80 nm and 150 nm. 
Corresponding MNP-filled MWCNTs were used for diameter dependence studies. 
As mentioned in section 4.2.2, custom highly ordered anodic aluminum oxide (AAO) 
membranes were fabricated from high purity aluminum foil (99.999%) by electrochemical route 
[1]. These porous membranes were used as alumina templates in the same manner as the 
commercial templates. And the same MWCNT filling procedure was used [2]. 
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7.1 Nickel Ferrite-Filled Multi-Walled Carbon Nanotubes Using Custom-Made Aluminum 
Oxide Templates 
 As discussed in the section 6.1.3, nickel ferrite (NFO) was initially investigated for 
MWCNT filling because of the potential for interesting surface effects in ultrafine particles. We 
noted that several fundamental magnetic features were enhanced in that study, such as blocking 
temperature (TB), activation energy (Ea), characteristic temperature (T0) and effective anisotropy 
(Keff). The question then arose of what would happen if we decreased the MWCNT diameter? 
For this reason, we filled 80 nm AAO templates with MWCNTs and NFO MNPs.  
 NFO MNPs (to be called NFO2) were synthesized using a thermal decomposition 
technique, as previously discussed [3]. X-ray diffraction shows peaks referencing a cubic spinel 
crystalline structure for NFO2 MNPs, and transmission electron microscopy (TEM) images 
reveal that the NFO2 MNPs have a diameter of 7 ± 2 nm, as shown in Figure 7.1A and 7.1B. 
Figure 7.1C shows MWCNTs uniformly filled with NFO2 MNPs. From TEM images, it was 
determined that MWCNTs have a diameter of approximately 100 nm (NFO2-CNT100). The 
inset of Figure 7.1C shows a scanning electron microscope image of the hexagonally ordered 
array of pores in the custom AAO membrane. 
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Figure 7.1: X-ray diffraction of NFO MNPs (A); TEM image of NFO2 MNPs with inset showing 
size distribution (B); and TEM image of NFO2-CNT100 with inset showing an SEM image of the 
hexagonal array of the custom AAO templates. Reprinted with permission from Ref. [2]. 
DC measurements were carried out in a Quantum Design physical property measurement 
system (PPMS) using the vibrating sample magnetometer (VSM) option. Figure 7.2 shows M(T) 
data for NFO2 and NFO2-CNT100 under the zero-field cooled (ZFC) and field cooled warming 
(FCW) protocols (H = 100 Oe). Blocking (ZFC) curves show average TB = 52 K for NFO2 and 
TB = 50 K for NFO-CNT100 with Tirr very close to the TB in the case of both samples. The FCW 
curve flattens out for the NFO2-CNT100 sample, indicating stronger interparticle interactions in 
the confined sample [4]. 
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Figure 7.2: Magnetization as a function of temperature for NFO2 MNPs and NFO2-CNT100 
samples. Average blocking temperature and irreversibility temperature are shown. Adapted from 
Ref. [2]. 
M(H) curves at 300 K also reveal that both systems retain superparamagnetic-like 
behavior at room temperature, as indicated by a lack of coercivity and remnant magnetization. 
The inset of Figure 7.3A shows a nice fitting to a standard Langevin function (Equation 2.3) [5]. 
Figure 7.3B shows that M(H) curves at 10 K (ZFC protocol) display hysteresis of 168 Oe for the 
NFO sample and 158 Oe for the NFO-CNT100 sample.  
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Figure 7.3: Normalized magnetization vs. magnetic field curves at 300 K with inset showing 
Langevin function fitting for NFO2 and NFO2-CNT100 samples (A); and at 10 K under the ZFC 
protocol with inset showing hysteresis for both samples. Reprinted with permission from Ref. [2]. 
AC susceptibility measurements were made using a Quantum Design PPMS with the AC 
measurement system (ACMS) option. Measurements were carried out in the presence of an 
external AC field of 10 Oe with frequencies ranging from 20 Hz-10 kHz (Figure 7.4). The 
Vogel-Fulcher model for weakly interacting systems was applied (Figure 7.4, inset) and values 
were obtained for nanoparticle relaxation time and characteristic temperature. Results are shown 
in Table 7.3 at the end of this section. The Néel- Arrhenius and Vogel-Fulcher models were 
examined and these systems were found to be weakly interacting [6], as the values returned from 
fitting to the Néel-Arrhenius model were non-physical for this sample, as we observed with 
NFO-CNT from Chapter 6. According to the Vogel-Fulcher model, spin-flip relaxation time for 
NFO2 and NFO2-CNT100 samples respectively is τ0 = 4.7x10-12 s and τ0 = 5.10x10-12 s. 
Characteristic temperature is T0 = 52.4 K for NFO2 and T0 = 39.9 K for NFO2-CNT100. The 
activation energy term for NFO2 is Ea/kB = 345 K and increases to Ea/kB = 860 K for NFO2-
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CNT100; these values correspond to effective anisotropy values of 2.2x105 J/m3 and 5.6x105 
J/m3.  
 
Figure 7.4: AC susceptibility measurement for NFO2 MNPs used to fill CNT100 with inset 
showing a fitting of the peak temperatures from NFO2 and NFO2-CNT100 samples to the Vogel-
Fulcher model. Reprinted with permission from Ref. [2]. 
A summary of comparison results from the two examined NFO-based systems is shown 
in Tables 7.1, 7.2, and 7.3 below. Note that in the case of both systems, the Langevin function 
overestimates the nanoparticle size. In the case of both samples, the coercivity decreases and the 
anisotropy increases when MNPs are confined within MWCNTs. Some of the differences may 
be attributed to the fact that nickel ferrite samples had a diameter difference of 1.3 nm. This 
could explain why there was such a drastic increase in anisotropy in the sample made with 100 
nm custom AAO membranes. 
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Table 7.1: Summary of MNP diameter via ImageJ analysis and Langevin function fittings for 
NFO-based samples. 
Sample D ImageJ (nm) σ ImageJ (nm) D Langevin (nm) σ Langevin (nm) 
NFO 6.12 1.32 9.43 1.97 
NFO-CNT 6.12 1.32 8.89 2.40 
NFO2 7.4 1.7 8.6 1.3 
NFO2-CNT100 7.4 1.7 9.1 1.8 
 
Table 7.2: Summary of DC magnetic measurement results and Langevin function fitting return 
values for saturation magnetization of each sample. 
Sample 
TB (K) 
MMAX 300K 
(emu/g) 
MMAX 10K ZFC 
(emu/g) HC (ZFC) (Oe) MS Langevin (emu/g) 
NFO 38 37.4 42.5 138 37.30 
NFO-CNT 70.9 63.73 74.21 125 64.12 
NFO2 52 56.3 64.5 168 64.9 
NFO2-CNT100 50 25.5 29.8 158 30.5 
 
Table 7.3: Summary of Vogel-Fulcher fitting results for all samples with calculated effective 
anisotropies. 
Sample τ0 (s) T* (K) Ea/kB (K) Keff (J/m3) 
NFO 7.28x10-12 30 622 7.1x105 
NFO-CNT 5.00x10-11 71 630 7.2x105 
NFO2 4.7x10-12 52 345 2.2x105 
NFO2-CNT100 5.1x10-12 40 860 5.6x105 
 
7.2 Core/Shell Iron/Iron Oxide Multi-Walled Carbon Nanotubes Using Commercial and 
Custom Aluminum Oxide Templates 
 The same core/shell Fe/γ-Fe2O3 sample (C/S1) from Chapter 6 was used for a diameter-
dependence study [7] to determine if the degradation of MNPs is present when the diameter of 
the MWCNTs is restricted.  
 C/S1 MNPs were filled in to a larger custom template, to begin the degradation study. 
Via TEM, we found that the AAO templates used for this study resulted in MWCNTs with a 
diameter of approximately 250 nm, therefore this sample will be referred to as C/S1-CNT250. 
Commercial templates yielded MWCNTs with a diameter of approximately 450 nm, so this 
sample will be referred to as C/S1-CNT450. TEM images are shown in Figure 7.5. From TEM 
128 
 
images, it is immediately obvious that the sodium hydroxide stirring overnight accelerated the 
Kirkendall effect in the 250 nm MWCNTs also. Magnetic measurements reveal to what extent. 
 
Figure 7.5: TEM images of C/S1 sample with inset showing size distribution (A); C/S1-CNT250 
with scale bar of 200 nm (B); and C/S1-CNT450 with scale bar of 500 nm. 
 Standard DC magnetic measurements were carried out on all samples in a PPMS with the 
VSM option. M(T) measurements under the ZFC and FCW protocols with an externally applied 
magnetic field of 50 Oe reveal that the TB of C/S1-CNT250 is reduced from the C/S1 MNPs, 
however not to the extent of the C/S1-CNT450 sample. Additionally, the FCW curve for the 
C/S1-CNT250 sample more closely resembles that of the original C/S1 sample. This indicates 
that the restricted size of the MWCNTs managed to better protect the C/S1 MNPs from the 
sodium hydroxide solution. Figure 7.6 shows normalized M(T) curves for this sample set. Note 
that each curve is normalized by its maximum magnetization. 
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Figure 7.6: Normalized magnetization vs. temperature curves under the ZFC and FCW protocols 
for all samples. Average blocking temperature is highlighted for each sample. 
M(H) curves were taken at 300 K and 10 K following the ZFC protocol, and at 10 K 
under the influence of a 5 T cooling field (Figure 7.7). As with the M(T) measurements, it was 
apparent that the C/S1-CNT250 sample displayed properties more like that of the original C/S1 
sample than the C/S1-CNT450 sample, though there still is a significant paramagnetic response 
from the MWCNTs observed in all measurements. The M(H) curve at 300 K shows no coercivity 
nor remanence, but due to the significant paramagnetic signal, we cannot say that this sample is 
completely superparamagnetic-like, but rather exhibits a mixture of contributions from the core 
and the shell. At 10 K, the coercivity opens up for all samples under the ZFC and FC protocols. 
A small EB field is observed for samples that were FC under H = 5 T, as expected for these types 
of MNPs [8-9]. Results are summarized in Table 7.4, below. 
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Figure 7.7: Normalized magnetization vs. magnetic field measurements at 300 K (A), 10 K under 
the ZFC protocol (B), and 10 K with a cooling field of 5 T (C). All samples have inset with a 
close-up of the origin. 
 This sample set conclusively shows that the smaller diameter MWCNTs protected the 
C/S1 MNPs from the sodium hydroxide solution more than the commercial MWCNTs, allowing 
for another avenue to test these samples with their current surfactant coating. 
Table 7.4: Summary of results from DC magnetic measurements for the C/S1-based samples. 
Sample TB (K) HC (ZFC) (Oe) HC (FC) (Oe) 
C/S1 94 1002 1405 (-405 shift) 
C/S1-CNT250 74 349 351 (-19 shift) 
C/S1-CNT450 35 236 265 (-23 shift) 
 
7.3 Magnetite-Filled Multi-Walled Carbon Nanotubes: Systematic Diameter Dependence 
Study 
 With previous sample sets, results obtained were from confining MNPs within MWCNTs 
from commercial templates compared to just one size of MWCNT from custom templates. Here, 
we present results from a systematic diameter-dependence study using magnetite (Fe3O4) MNPs 
in MWCNTs prepared from commercial templates compared to MWCNTs prepared from three 
sizes of custom templates. 
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 Magnetite was synthesized as described in section 6.1.1 [3] and the MWCNT fabrication 
and filling procedures are the same as described in section 4.2.3 [10]. TEM images in Figure 7.8 
show MWCNTs of all diameters filled with Fe3O4 MNPs. Custom templates were fabricated to 
have pores of 40 nm, 80 nm, and 150 nm, but TEM results using the analySIS software revealed 
that outer diameters of MWCNTs fabricated from custom AAO templates are approximately 60 
nm, 100 nm, and 250 nm in diameter, therefore these samples will be referred to as Fe3O4-
CNT60, Fe3O4-CNT100, and Fe3O4-CNT250. The sample reported on in Chapter 6 using the 
commercial AAO templates will be called Fe3O4-CNT450 in this chapter, for classification 
purposes. Recall that from TEM images, using ImageJ analysis software, Fe3O4 MNPs were 
found to have a diameter of 9 ± 2 nm. Note that all TEM images shown in Figure 7.8 were taken 
at a magnification of 28 kX so that the sample sizes may be directly compared to each other. All 
samples show decent MNP filling with varying levels of MWCNT density throughout the TEM 
grids. Additional TEM images with higher magnification can be found at the end of this section. 
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Figure 7.8: TEM images from Fe3O4-CNT60 (A), Fe3O4-CNT100 (B), Fe3O4-CNT250 (C), and 
Fe3O4-CNT450 (D). All images were taken at a magnification of 28kX, so that the images seen 
here are comparable to each other. 
 DC magnetic measurements were taken using the VSM option of the PPMS. M(T) 
measurements were made under the ZFC and FCW protocols with an externally applied 
magnetic field of 100 Oe. Figure 7.9A presents M(T) results for all samples normalized by total 
sample mass. Figure 7.9B shows ZFC curves for all samples normalized by the maximum 
magnetic moment, to qualitatively compare curve shape. An inset shows a close-up and 
narrowed version to more clearly illuminate the differences. First of all, the average TB for each 
sample increases as a function of MWCNT diameter, with the final two (largest) diameter 
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samples exhibiting similar values. The average TBs are as follows:  TB_Fe3O4 = 72 K, TB_Fe3O4-CNT60 
= 96 K, TB_Fe3O4-CNT100 = 100 K, TB_Fe3O4-CNT250 = 110 K, and TB_Fe3O4-CNT450 = 104 K. FCW curves 
normalized by the maximum magnetic moment are shown in Figure 7.9C. Qualitatively, all 
Fe3O4-CNT samples show a similar curve pattern, which differs drastically from the plain MNPs. 
All Fe3O4-CNT samples display enhanced interactions indicated by a flattening and broadening 
of these both the ZFC and FCW curves when compared to the plain Fe3O4 MNPs [10]. 
 
Figure 7.9: Magnetization vs. temperature curves with the ZFC and FCW protocols for all 
Fe3O4-based samples normalized by mass (A); ZFC curves for all Fe3O4-based samples 
normalized by maximum magnetic moment with inset highlighting blocking peaks (B), FCW 
curves normalized by maximum magnetic moment (C). 
M(H) curves for all samples were taken at 300 K and 10 K. 10 K measurements were 
taken under the ZFC protocol and the FC protocol with a cooling field of 5 T, which is the 
maximum applied magnetic field for these samples. Results are shown in Figure 7.10. Figure 
7.10A for the M(H) curve at 300 K shows zero coercivity (HC) and remnant magnetization (MR) 
at room temperature, along with a saturation-like feature for all samples. This indicates that these 
samples are likely superparamagnetic. At 10 K, under the ZFC protocol, hysteresis loops open up 
to reveal that the coercivity increases as a function of MWCNT diameter, with the largest two 
MWCNTs displaying similar values. The HC values are as follows:  HC_Fe3O4 = 196 Oe, HC_Fe3O4-
134 
 
CNT60 = 219 Oe, HC_Fe3O4-CNT100 = 244 Oe, HC_Fe3O4-CNT250 = 253 Oe, and HC_Fe3O4-CNT450 = 251 Oe. 
M(H) curves that were cooled in the presence of a 5 T magnetic field show no exchange bias 
shift in the hysteresis cures, but they do show a slight decrease in HC when compared to the 
M(H) curves taken with the ZFC protocol.  
 
Figure 7.10: Magnetization vs. magnetic field for all Fe3O4-based samples normalized by mass 
taken at 300 K (A), 10 K under the ZFC protocol (B), and at 10 K with a cooling field of 5 T. 
Insets for all samples who the origin. 
 Since samples appear to be superparamagnetic-like at room temperature, a Langevin 
function fit [5] was conducted to confirm superparamagnetic-like behavior. The measurement 
temperature was set to 300 K and the bulk saturation magnetization was set to 92 emu/g [11], as 
it was in Chapter 6. The Langevin function fit well to all samples with slightly underestimated 
values for MNP diameter, as is common in these types of samples. All calculated diameters were 
within error. Return values for saturation magnetization at 300 K were excellent, confirming 
superparamagnetic-like behavior in all samples. Figure 7.11 shows the M(H) at 300 K along with 
Langevin function fittings for all samples. Results from the Langevin function fittings and their 
comparison to values obtained from ImageJ analysis [12] and DC magnetometry are shown in 
Tables 7.5 and 7.6 at the end of this section. 
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Figure 7.11: Magnetization vs. magnetic field curves for all Fe3O4-based samples at 300 K (A) 
with (B-F) showing Langevin function fits for Fe3O4 MNPs, Fe3O4-CNT60, Fe3O4-CNT100, 
Fe3O4-CNT250, and Fe3O4-CNT450, respectively. 
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 AC susceptibility measurements were carried out using an ACMS in the PPMS under the 
ZFC protocol in the presence of a small, 10 Oe AC magnetic field. The 10 Oe field oscillated and 
recorded data for frequencies of 50 Hz-10 kHz upon warming. The temperature range of interest 
was chosen for each sample based on estimated peak location. The estimation of peak location 
was made from examining the location and breadth of the ZFC curve from the M(H) plot.  Figure 
7.12B-F shows the real part of AC susceptibility vs. temperature for each sample. Temperature 
ranges shown are from 120-220 K for the largest 3 samples, from 110-210 K for the smallest 
Fe3O4-MWCNT sample, and 60-150 K for Fe3O4 MNPs. The arrows in Figure 7.12B-F guide the 
eye to the peak shift with increasing frequency in each sample. 
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Figure 7.12: AC susceptibility results for all Fe3O4-based samples. Vogel-Fulcher fitting results 
are shown in (A), with the real part of AC susceptibility shown in (B-F). 
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 The sample measurement time (τ) was plotted against peak temperatures obtained from 
AC susceptibility measurements and values were fitted to the Néel-Arrhenius model for non-
interacting samples and the Vogel-Fulcher model for weakly interacting samples. Fitting to the 
Néel-Arrhenius model looked nice, but returned un-physical values. This is because some dipolar 
interactions are present at the peak of each curve. This can happen for many reasons, including 
MNP size distribution and possibly due to confinement effects of the samples. As a result, all 
samples in this set were fit to the Vogel-Fulcher model and realistic values were obtained. 
Vogel-Fulcher fitting values are shown in Table 7.7 below.  
 We attempted to fit these samples to the critical power law (described in section 2.1.4), 
however, values returned for spin-flip relaxation time were drastically different than those from 
the Vogel-Fulcher fittings. Although, differences in the τ0 value have been observed in other 
samples [13], we do not believe that the samples presented here should have such a large 
difference for this parameter (~104 s difference). The Vogel-Fulcher fittings returned values that 
corroborate values from DC magnetometry, and, therefore, those are taken to be the correct 
values for this sample set. 
Table 7.5: Summary of results from MNP size determination from ImageJ analysis and from 
Langevin function fittings for all Fe3O4-filled MWCNT samples. 
Sample D ImageJ (nm) σ ImageJ (nm) D Langevin (nm) σ Langevin (nm) 
Fe3O4 9.37 1.93 7.46 2.09 
Fe3O4-CNT60 9.37 1.93 6.87 2.22 
Fe3O4-CNT100 9.37 1.93 7.22 2.32 
Fe3O4-CNT250 9.37 1.93 6.86 1.89 
Fe3O4-CNT450 9.37 1.93 6.96 2.10 
 
 
 
 
 
 
 
139 
 
Table 7.6: Summary of results from DC magnetic measurements compared to the saturation 
magnetization values extracted from the Langevin function fittings for all Fe3O4-filled MWCNT 
samples. 
Sample TB (K) 
MMAX 300K 
(emu/g) 
MMAX 10K ZFC 
(emu/g) 
HC (ZFC) 
(Oe) HC (FC) (Oe) 
MS Langevin 
(emu/g) 
Fe3O4 72 68.86 78.04 196 159 69.24 
Fe3O4-CNT60 96 46.77 54.39 219 216 47.77 
Fe3O4-CNT100 100 57.19 66.68 244 241 59.08 
Fe3O4-CNT250 110 45.28 53.02 253 249 46.41 
Fe3O4-CNT450 104 53.24 62.33 251 247 54.65 
 
Table 7.7: Summary of results from Vogel-Fulcher fittings for all Fe3O4-filled MWCNT samples. 
Sample τ0 (s) T* (K) Ea/kB (K) Keff (J/m3) 
Fe3O4 4.50 x10-11 65 596 1.91 x105 
Fe3O4-CNT60 2.00x10-10 76 1017 3.26x105 
Fe3O4-CNT100 1.56x10-11 105 1147 3.67x105 
Fe3O4-CNT250 4.40x10-13 117 1305 4.18x105 
Fe3O4-CNT450 2.10 x10-13 119 1365 4.37 x105 
 
 
Figure 7.13: Transmission electron microscopy images of Fe3O4 nanoparticles with inset of size 
distribution (A), Fe3O4-CNT60 taken at 28 kX magnification (B) and Fe3O4-CNT60 taken at 140 
kX magnification showing individual nanoparticles loosely packed inside of the multi-walled 
carbon nanotubes (C). 
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Figure 7.14: Transmission electron microscopy images of Fe3O4 nanoparticles with inset of size 
distribution (A), Fe3O4-CNT100 taken at 28 kX magnification (B) and Fe3O4-CNT100 taken at 
89 kX magnification showing individual nanoparticles packed inside of the multi-walled carbon 
nanotubes (C). 
 
Figure 7.15: Transmission electron microscopy images of Fe3O4 nanoparticles with inset of size 
distribution (A), Fe3O4-CNT250 taken at 28 kX magnification (B) and Fe3O4-CNT250 taken at 
140 kX magnification showing individual nanoparticles densely packed inside of the multi-
walled carbon nanotubes (C). 
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Figure 7.16: Transmission electron microscopy images of Fe3O4 nanoparticles with inset of size 
distribution (A), Fe3O4-CNT450 taken at 28 kX magnification (B) and Fe3O4-CNT450 taken at 
89 kX magnification showing individual nanoparticles densely packed inside of the multi-walled 
carbon nanotubes (C). 
7.4 Summary 
 In summary, diameter-dependence studies on the above samples proved to be very 
enlightening to the effect of confining MNPs in constricted spaces. The NFO-based system 
showed little change in DC magnetic properties, but a very large jump in effective anisotropy, 
which is attributed mostly to shape anisotropy from constriction in a quasi-one-dimensional 
structure [14]. The C/S1-based system showed less MNP degradation in smaller MWCNTs, 
showing another way to combat sodium hydroxide degradation of C/S MNPs and showing 
promise for future diameter-dependence studies on this class of samples. Finally, a clear 
diameter-dependence pattern was established for the Fe3O4-based system. From this study, we 
learned that many magnetic properties of MNPs change as a function of MWCNT diameter until 
a certain saturation point, which seems to be around a diameter of 250 nm. Enhancement of 
magnetic interactions and effective anisotropy was seen in all Fe3O4-filled MWCNTs, displayed 
as an increase in TB, an increase in HC while in the blocked state, a decrease of the spin-flip time 
[15], an increase in the characteristic interaction temperature, and an increase in the activation 
142 
 
energy, which is directly related to the increase in effective anisotropy. This study shows that the 
magnetization of single-phase MNPs is tunable by controlling the confinement of the MNPs, 
which opens the door for incorporating these novel materials in to a plethora of devices in future 
works. 
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Chapter 8: Conclusion and Future Outlook 
8.1 Conclusion of Thesis Work 
 In conclusion, effects of confined magnetic nanoparticles (MNPs) were studied 
systematically, via inclusion in polymer nanocomposites (PNCs) and by filling multi-walled 
carbon nanotubes (MWCNTs).  
Three separate PNCs were successfully synthesized and characterized. Magnetite and 
cobalt ferrite nanoparticles with controlled shape, size, and crystallinity were synthesized and 
used as PNC fillers in a commercial polymer provided by the Rogers Corporation and 
poly(vinylidene fluoride). Structural characterization via XRD revealed that MNP inclusions 
maintain their crystallinity throughout the fabrication process of each PNC. Transmission 
electron microscope (TEM) results indicate that MNP inclusions remain uniformly separated 
throughout each PNC with notable lack of agglomeration, which makes them attractive for 
wireless device applications. DC magnetometry reveals that each sample displays 
superparamagnetic-like behavior at room temperature with a tunable saturation magnetization 
based on MNP concentration, confirming that the MNP properties remain intact throughout the 
fabrication procedure.  
PNCs were incorporated in two multi-layer microwave and radio frequency (RF) devices, 
where magnetic and microwave experiments were conducted under frequencies of 1-6 GHz in 
the presence of transverse external magnetic fields of up to 4.5 kOe. Experiments confirm strong 
magnetic field dependence in all samples. When the magnetic field was increased, tangent losses 
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were reduced, quality factor increased by 5.6 times, and tunability of the resonance frequency 
was demonstrated, regardless of MNP-loading. 
Work on PNC materials motivated the study of the effect of confinement of MNPs in 
more controlled environments. MWCNTs synthesized with diameters of 60 nm, 100 nm, 250 
nm, and 450 nm were filled with single- and multi-phase ferrites of the form MFe2O4, where M = 
Co2+, Ni2+, Fe2+, or Fe3+. All confined samples exhibit room temperature superparamagnetic-like 
behavior with stronger magnetic response with respect to increasing MWCNT diameter up to 
250 nm due to the enhancement of interparticle interactions. Enhancement of interactions was 
assessed through a series of magnetic models applied to AC and DC magnetometry data. Across 
all samples, there is an increase in the characteristic temperature and activation energy, as 
extracted from AC susceptibility measurements.  
This thesis presents the first systematic study of this class of nanocomposite, which paves 
the way to inclusion of novel nanostructured materials in real-world applications. 
8.2 Future Outlook 
8.2.1 Magnetic Hyperthermia 
Magnetic hyperthermia is a promising form of “non-invasive” cancer treatment by which 
the temperature of a tumor is elevated through MNPs in a localized way, thus killing the tumor 
while leaving the healthy cells alive [1]. This technique takes advantage of the fact that when 
MNPs are placed in the presence of an alternating magnetic field they release heat [2]. The first 
attempt to study cancer treatment by magnetic hyperthermia was in 1957 [3,4]. After reaching 
the tumor site, an AC magnetic field is applied and heat is released in the immediate vicinity of 
the MNPs. Thus far, iron oxide nanoparticles are the only ones used for these studies on humans 
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[5,6], however they have limitations such as relatively low saturation magnetization and low 
coercivity, which hinder their clinical realization [7]. 
Soft magnetic materials are likely safer for the patient due to requiring a weaker magnetic 
field than hard magnetic materials, however, their heating efficiency is not as pronounced in soft 
magnetic materials. The heating efficiency of MNPs is quantified by the specific absorption rate 
(SAR), which can be defined as follows:  
𝑆𝐴𝑅 = (∆𝑇 ∙ 𝑐) ∙ 𝑡−1 = 𝐴𝐹                                                       (8.1) 
where ∆T is the increase in temperature, c is the specific heat of the sample, t is the total 
measurement time [5], f is the frequency of the measurement, and A is the area of the AC 
hysteresis loop [2]: 
𝐴 = ∫ 𝜇0𝑀(𝐻)𝑑𝐻
+𝐻𝑚𝑎𝑥
−𝐻𝑚𝑎𝑥
                                                         (8.2) 
From Equations 8.1 and 8.2, it is clear to see that the SAR, or heating efficiency, of a sample is 
dependent on material properties such as saturation magnetization and anisotropy.  
 In this way, the SAR can be increased by increasing the saturation magnetization or the 
anisotropy of a magnetic material. Recently, magnetite nanorods were shown to have a vastly 
improved heating efficiency over MNPs in the shapes of spheres and cubes [8]. A major result of 
this thesis work is that when confined, the effective anisotropy of MNPs is increased. In addition, 
it has also been reported that these nanorods present higher SAR when aligned parallel to one 
another. Therefore, the inclusion of nanorods in MWCNTs could improve their heating capacity 
by restraining their orientation to a parallel alignment; this should increase their effective 
anisotropy due to confinement. 
 Moreover, CNTs (single-walled or multi-walled) have been shown to be able to convert 
near infrared radiation (NIR) into heat [9]. Compared to other wavelengths of light, the 
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transmission of NIR through the body is poorly attenuated by biological systems. Following 
exposure to NIR, CNTs enter an excited state and release vibrational energy that is transformed 
into heat, which can induce cancer cell death [10]. Therefore, the inclusion of MNPs inside 
MWCNTs would allow for a combined magnetic and photothermal hyperthermia that would 
further improve the heating efficiency of these composite nanostructures for cancer treatment. 
8.2.2 Nanoparticle-Filled Carbon Nanotubes for Microwave and RF Technologies 
As discussed in the previous section, CNTs are able to efficiently transform NIR 
radiation to heat through absorption [9]. Additionally, they are excellent absorbers of microwave 
and RF radiation, and as such, make excellent additions to microwave devices coated with PNC 
materials. Previous works show that CNT composite materials (CNTs in silicone oil, paraffin, or 
polymers) increase their absorption with increasing CNT concentration [11-13]. Losses from 
MNPs combined with losses from CNTs make for promising microwave and RF absorbers and 
have been of much interest to the scientific community [13-16]. To the best of my knowledge, 
magnetic tunability studies on these nanocomposite materials have not been conducted, so this 
would be a fruitful endeavor. With the incorporation of MNP-filled CNTs in to PNC-coated 
devices, EMI pollution can be more efficiently reduced over a wide range of frequencies. 
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